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Abstract 
 
There is a high prevalence of vitamin D deficiency and exposure to low levels of alcohol in 
pregnant women (Bodnar et al 2007, Daly et al 2012). However, there are a paucity of 
studies that have addressed the impact of both of these exposures on the offspring’s 
vulnerability to neuropsychological disorders later in life. The aim of this thesis was to 
examine whether the absence of vitamin D during gestation in mice would alter the effects 
of prenatal exposure to low dose ethanol on brain function and behaviour. 
 
Four-week old female C57Bl/6J and BALB/c mice were placed on a developmental vitamin 
D deficient (DVD) or standard diet for 6 weeks and mated at 10 weeks of age. Females 
were exposed to either 10 %(v/v) ethanol or water between gestational days (GD) 0-8 and 
all were offered water thereafter. Behavioural analyses of the offspring included ultrasonic 
vocalizations (USV) at postnatal day (P) 7, social interaction (SI) at P21, locomotion and 
spatial learning and memory at P70. Ex-vivo MRI, next-generation sequencing (NGS) and 
proteomics assays were carried out in neonatal brains, followed by gene expression 
analyses on potential candidates in P0, P21 and P70 tissue. 
 
MRI revealed no gross brain anatomy in DVD-deficient or prenatal ethanol exposure (PEE) 
P0 samples, however, detailed histological analysis revealed a main effect of Diet on 
hippocampal volume at birth. RNA sequencing showed that pathways such as cell growth, 
cell morphology as well as cell death and survival were affected as a result of both DVD 
deficiency and PEE, whereby a greater number of transcripts were affected in the 
combination group versus individual factors. This was not observed in proteomics data, 
suggesting the combined effects of DVD-PEE was more prominent at mRNA level and did 
not translate to altered levels of protein. Gene expression analysis on transcripts involved 
in dopamine regulation and neurodevelopmental markers via qRT-PCR, FoxP2 and 
Darpp-32 were downregulated as a main effect of PEE at P0, while there was a main 
effect of PEE on Darpp-32 and a main effect of Diet on D2R at P21. The main findings at 
P7-21 were increased USV calling rate in PEE males, altered distribution of call types 
among DVD and PEE groups and impaired SI in PEE males. Hypolocomotion was 
encountered in PEE adult males, while learning and memory performance in the APA task 
was unaffected in all Groups. Vglut2 was downregulated in PEE adult male hippocampus. 
The combination of DVD-PEE did not exacerbate the alterations resulting from DVD or 
PEE, rather it appears as though these exposures acted on independent pathways. Taken 
 iii 
together, the current results indicate that DVD deficiency temporally increased the 
offspring vulnerability to PEE with a clear effect on disrupting neonatal gene expression. 
However, these effects were transient and dissipated during postnatal development 
suggesting that there was a critical window of vulnerability to these exposures. Despite the 
limited evidence to support the interaction of DVD and PEE during the postnatal period, 
males were more vulnerable than female offspring to the detrimental effects of PEE. 
Therefore, based on these studies in mice we suggest that maintenance of optimal vitamin 
D levels and abstinence from alcohol during pregnancy would reduce risk of later 
disruption to brain function and behaviour in the offspring. 
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1 Literature Review 
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Chapter 1. Literature review  
 
1.1 Environmental risk factors for neurodevelopmental disorders 
 
The environment in which the foetus develops is thought to be crucial in determining its 
immediate and future health. This is known as the Developmental Origins of Health and 
Disease (DOHaD) hypothesis. David Barker identified a relationship between adverse 
early-life environments and adverse cardiovascular disease, when he found that local 
authority areas within England and Wales with high infant mortality rates in 1921-1925 
also showed increased mortality levels from ischaemic heart disease in 1968-1975 (Barker 
et al 1986). Since then, numerous longitudinal cohort studies have been established, 
strengthening the hypothesis that many early-life factors are associated with long-term 
health (Ganu et al 2012, Hanson et al 2014, Heindel et al 2017). 
 
Environmental exposures may influence brain development at different stages, including 
formation and closure of the neural tube, cell differentiation and migration, formation of 
structures, synaptogenesis and myelination. These environmental factors are likely to act 
in concert with susceptibility genes, and epigenetic regulation, leading to changes in gene 
expression and/or to a trans generational mechanism (Lyall et al 2014). Disruptions during 
any of these critical stages can lead to altered neurodevelopmental trajectories that may 
have an effect on the child’s achievements and behaviour, potentially resulting in a 
diagnosable neurodevelopmental condition.  Neurodevelopmental disorders are disabilities 
associated primarily with the functioning of the neurological system and brain, and these 
include attention-deficit/hyperactivity disorder (ADHD), autism, learning disabilities, 
intellectual disability (or mental retardation), conduct disorders, cerebral palsy and 
impairments in vision and hearing. Individuals with neurodevelopmental disorders can 
experience difficulties with language and speech, motor skills, behaviour, memory, 
learning and/or other neurological functions. Symptoms and behaviours of 
neurodevelopmental disabilities often change or evolve with time (for example, as a child 
grows older), however others are permanent. 
 
Environmental exposures that influence neurodevelopment can include a wide range of 
non-genetic factors, such as medications, chemicals, physical agents, social and cultural 
influences as well as maternal lifestyle. These include (but are not limited to) maternal 
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nutritional status during pregnancy; use of alcohol, tobacco, or illicit drugs during 
pregnancy; lower socioeconomic status; preterm birth; low birth weight; the physical 
environment; and prenatal or childhood exposure to certain environmental contaminants 
(Aarnoudse-Moens et al 2009, Bhutta et al 2002, Committee on Understanding Premature 
et al 2006, Herrmann et al 2008, Linnet et al 2003, Perera et al 2011, Thompson et al 
2007). However, environmental factors may serve as proxy markers for disease rather 
than causes of higher risk. For example, season is a proxy variable for various exposures, 
including influenza, other infections, pesticides, sunlight exposure and vitamin D levels 
(Lyall et al 2014). Seasonality of birth or conception has been associated with increased 
risk of neuropsychiatric disorders such as schizophrenia and Autism Spectrum Disorders 
(ASD) in several studies (Hebert et al 2010, Kolevzon et al 2006, Zerbo et al 2011). A 
meta-analysis found that ASD is more common among the offspring in which the first and 
second trimester coincided with the winter and spring months (Gardener et al 2009). 
Recent studies suggest that maternal diet can program offspring growth and metabolic 
pathways, altering lifelong susceptibility to diabetes and obesity. If maternal psychosocial 
experience has similar programming effects on the developing offspring, one might expect 
a comparable contribution to neurodevelopmental disorders, including affective disorders, 
schizophrenia, ASD and eating disorders. Due to their early onset, prevalence and 
chronicity, some of these disorders, such as depression and schizophrenia, are among the 
highest causes of disability worldwide according to The Lancet Global Health Series 2011 
(and 2007) report. Moreover, epidemiological studies on schizophrenia have revealed that 
its incidence is dependent upon developmental environment, sex, ethnicity and migrant 
status (Bodnar et al 2007, McGrath et al 2004, Mortensen et al 1999). One such candidate 
environmental risk factor is developmental vitamin D (DVD) deficiency. 
 
DVD deficiency and moderate prenatal ethanol exposure (PEE) are modifiable, 
environmental risk factors, which have been individually studied in the literature and have 
been associated with neurodevelopmental disorders, such as ASD or ADHD (Banerjee et 
al 2007, Cannell 2008, Eliasen et al 2010, Mukherjee et al 2011, Rojas-Mayorquín et al 
2016, Vinkhuyzen et al 2017, Whitehouse et al 2013). However, no direct causality has 
been identified. This suggests that these complex disorders are not the result of a single 
exposure, but rather the combination of factors that increase the offspring’s vulnerability to 
eventual disease. Animal models have been a valuable tool used to test the effects of 
DVD deficiency and PEE, with findings in mice demonstrating that DVD deficiency has a 
subtle impact on brain structure, behaviour and gene expression. Some of these 
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alterations include decreased lateral ventricle volume (Harms et al 2012a), age-dependent 
decline in hippocampal volume (Fernandes de Abreu et al 2010), strain-dependent 
hyperlocomotion, increased exploration (Harms et al 2008b), altered response inhibition 
(Harms et al 2012b) and disrupted transcription of genes important for neural development 
(Harms 2011, Hawes et al 2015). Similarly, previous studies using moderate levels of PEE 
have shown subtle alterations in brain morphology, adult behaviour and regulation of gene 
expression. For example, some of the changes seen due to PEE included enlarged 
ventricles and hippocampus (Marjonen et al 2015), altered locomotion, learning and 
memory (Sanchez Vega et al 2013) and dysregulation of genes important for 
glutamatergic signalling (Zhang et al 2015). Therefore, the overall aim of the research for 
this thesis was to investigate the effect of combined DVD deficiency and PEE on brain 
function and behaviour in mice, to establish, for the first time, whether these exposures 
resulted in an increased risk of neurodevelopmental disorders. 
 
1.2 Developmental vitamin D deficiency as a risk factor for neurodevelopmental 
disorders 
 
The active form of vitamin D, 1,25-dihydroxyvitamin D3 (1,25(OH2)D3), is a secosteroid 
hormone, synthesized through several intermediate stages from vitamin D 
(cholecalciferol).  Cholecalciferol is synthesised in the skin via exposure to UBV radiation 
via photolysis of the prohormone 7-dehydrocholesterol (Holick 1987) or obtained from the 
diet, typically found in oily, deep sea fish and in lower levels in other foods such as eggs 
(Mattila et al 1999, Ostermeyer et al 2006). Cholecalciferol is hydroxylated in the liver to 
25(OH)D3, which is then converted to the active form 1,25(OH2)D3, catalysed by the 
cytochrome p450 1-hydroxylase (CYP27B1). The half-life of 1,25(OH2)D3 is relatively 
short (approx. 15h), and its production by CYP27B1 is influenced by blood calcium and 
parathyroid hormone levels (Deluca 2004, Holick 2006). For this reason, 25(OH)D3 (pro-
hormone) is considered a more reliable indicator of vitamin D levels. 
 
Vitamin D is important for calcium homeostasis, bone metabolism and various other 
physiological functions, but also exerts potent effects on neural cells and can impact brain 
development and function. For example, the distribution of the vitamin D receptor (VDR) 
and 1 -hydroxylase (CYP27B1) has been mapped in human brain (Eyles et al 2005). In 
line with its receptor’s presence in developing brain tissue, vitamin D increases the 
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expression of neurotrophic factors including nerve growth factor (NGF) (Saporito et al 
1994), glial-derived neurotrophic factor (GDNF) (Naveilhan et al 1996) and neurotrophic 
factor 3 (Neveu et al 1994), while causing down-regulation of neurotrophic factor 4 (Neveu 
et al 1994). 
 
Consistent with its regulation of neurotrophic factors, there is some evidence that vitamin 
D is a neuroprotective agent. Vitamin D may protect against excitotoxicity induced by 
glutamate (Ibi et al 2001), and has been shown to have an inhibitory effect on calcium 
(Ca2+) influx via down-regulation of the expression of mRNA for pore-forming subunits of 
L-type voltage-gated Ca2+ channels (L-VGCCs) (Brewer et al 2001). It can also upregulate 
the expression of calbindin and parvalbumin in motor neurons, which are Ca2+ binding 
proteins that limit excitotoxicity by chelating intracellular Ca2+  (Alexianu et al 1998). The 
optimal level of vitamin D status, as measured by 25(OH)D3 has not yet been established. 
People with circulating 25(OH)D3 < 25nmol/L are considered vitamin D deficient, and those 
with < 50 nmol/L are considered vitamin D insufficient (Ross 2011). Epidemiological data 
on women of childbearing age indicated that vitamin D deficiency was prevalent in 4% of 
fair-skinned women and in 42% of dark-skinned women residing throughout the United 
States (Nesby et al 2002), which has raised concerns regarding the impact this may have 
on foetal development during pregnancy. Multiple factors affect the available levels of 
vitamin D in the body. For example, the concentration of melanin in the skin is the major 
endogenous factor, as it absorbs ultraviolet B radiation, thereby inhibiting the photolysis 
reaction that yields vitamin D in its active form (Holick 1995). This means that dark-skinned 
individuals with high melanin concentrations are more prone to vitamin D deficiency than 
those with fair skin. In addition, exogenous factors that influence vitamin D status are 
mostly related to sunlight exposure (for example, season) (Wu et al 2010). Winter is 
associated with reduced skin exposure due to the cold as well as a reduction in sunlight 
intensity, which both contribute to a reduction in vitamin D synthesis (Marks 1999, Marks 
et al 1990, Webb et al 1988). Additionally, it is important to take into account that the 
decrease in sunlight intensity rises accordingly with the distance from the equator; 
consequently, people living at high latitudes are more likely to become vitamin D deficient 
during the winter months (Holick 2003).  
 
 
The prevalence of maternal vitamin D deficiency is common and increasing (Looker et al 
1998) and has been implicated in adverse offspring health outcomes such as ASD, 
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schizophrenia and other neurodevelopmental disorders (Ginde et al 2009, Tare et al 2006, 
Vinkhuyzen et al 2017). Pregnancy may be a time of particular vulnerability for sub-optimal 
vitamin D levels, due to dietary and lifestyle changes resulting from pregnancy. For 
example, a population based, case-control study, which used neonatal dried blood 
samples to measure the concentration of 25(OH)D3, found that neonates in the lower three 
quintiles (compared to those in the fourth quintile- 40.5-50.9 nmol/L) had a two-fold 
elevated risk of schizophrenia (McGrath et al 2010b). Another study, which used maternal 
mid-gestation sera examined the association between 25(OH)D3 and ASD found that mid-
gestational vitamin D deficiency increased the risk of ASD by more than twofold compared 
to the vitamin D sufficient group (Vinkhuyzen et al 2017). 
 
Human epidemiological studies are important to understand the prevalence of 
environmental risk factors, such as DVD deficiency, and the possible association with 
neurodevelopmental disorders. However, animal models are essential in studying how 
genetic and environmental risk factors impact on brain development, and how the 
neurobiology underlying specific behaviours under controlled conditions, while limiting 
confounding factors that are commonly encountered in human studies. Initially, genetic 
knockout models for vitamin D deficiency were highly utilised, via the homozygous ablation 
of the VDR gene. Behavioural effects of vitamin D deficiency showed motor impairment, 
altered anxiety-related behaviours, increased self-grooming and impaired prepulse 
inhibition (PPI) to acoustic startle (Burne et al 2005, Kalueff et al 2004).  However, upon 
the discovery that the VDR has the ability to act independently from its ligand, it was found 
that a number of these abnormalities were the result of musculo-skeletal weakness due to 
Ca2+/PO4 dysfunction (Minasyan et al 2009), thereby indicating that VDR ablation may not 
be an appropriate model of vitamin D deficiency. Consequently, the development of an 
alternative, more representative model of vitamin D deficiency with transient depletion of 
vitamin D which has a minimal confounding effect on Ca2+ or bone homeostasis was 
necessary. 
 
A model of transient maternal vitamin D deficiency was initially developed in rats by 
feeding dams a special diet, either containing 0 (vitamin D deplete) or 1000 IU/1U/kg 
(standard) vitamin D for 6 weeks prior to mating with control males, throughout gestation 
until birth, at which point all dams were fed standard chow containing vitamin D. Using this 
protocol rats reach vitamin D deficiency after 6 weeks, which means that DVD-deficient 
rats were only deficient from conception until shortly after birth. DVD-deficient rats had 
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normal Ca2+ levels and body weight at birth and as adults (10 weeks of age), 
demonstrating that the temporary absence of vitamin D in this protocol did not compromise 
Ca2+/bone homeostasis (Burne et al 2004b). Behavioural studies using this model of DVD 
deficiency have shown transient spontaneous hyperlocomotion in adult rats (Burne et al 
2006). Others have found that DVD deficiency is associated with subtle changes in 
learning and memory functions as adults. In particular, a significantly impaired latent 
inhibition was found, however both memory acquisition and retrieval were unaffected 
(Becker et al 2005). Furthermore, rat pups born from vitamin D depleted mothers had an 
increased number of mitotic cells and fewer apoptotic cells in brain tissue at birth, which 
consequently suggests that low 25(OH)D3 concentrations can cause transcriptional 
deregulation in the brain. Moreover, with regards to brain structure, pups born from vitamin 
D depleted mothers had enlarged lateral ventricles and extended but proportionally thinner 
cortices. The increased lateral ventricular volume and alterations in gene and protein 
expression persisted into adulthood, which was associated with altered behaviour in 
response to psychomimetic drugs (Kesby et al 2006, Kesby et al 2012). Morphological 
changes in the brain, including thinning of neocortex and ventricle overgrowth, have been 
associated with psychiatric disorders such as schizophrenia.  
 
A model of DVD deficiency was also established in two mouse strains, C57Bl/6J and 
129/SyJ. After a comprehensive behavioural screen, it was found that 129/SvJ DVD-
deficient mice exhibited spontaneous hyperlocomotion in the open field, and 129/SvJ and 
C57BL/6J DVD deficient mice were hyper-explorative on the hole-board test (Harms 
2011). There was no effect of maternal diet on parameters assessed by the SmithKline 
Beecham, Harwell, Imperial College, Royal London Hospital, phenotype assessment 
(SHIRPA) primary screen, a procedure is used for the standardised assessment of mouse 
phenotype, or on tests of sensorimotor gating, social behaviour, anxiety or depression. 
Another DVD deficiency study using BALB/c mice focused on foetal development and 
found structural and gene expression changes in the foetus (Hawes et al 2015). For 
example, stereological analysis showed a reduction in foetal crown-rump length and head 
size, as well as in lateral ventricle volume of DVD deficient samples at E17.5. In terms of 
gene expression, DVD deficiency was associated with changes in Forkhead box protein 
P2 (FoxP2) and tyrosine hydroxylase (Th), which are genes related to neuronal survival, 
speech and language development and dopamine synthesis, thereby providing further 
evidence to suggest that vitamin D plays part in mouse neurodevelopment (Hawes et al 
2015). However, the behavioural phenotype of these mice was not characterized in this 
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study, although it would be valuable to study the long-term effects of the alterations found 
during foetal development.  
 
Some behavioural findings, such as hyperlocomotion, are consistent across rats and mice, 
but there were a number of behavioural differences reported in DVD-deficient mice that 
were not observed in rats, such as increased exploration (found in mice (Harms et al 
2008a), not in rats (Becker et al 2005, Burne et al 2004b)), while behavioural response to 
psychomimetics was altered in rats (Kesby et al 2006) but not displayed in C57BL/6J or 
129/Svj mice (Harms et al 2012a). Additionally, findings were also dependant on the 
background mouse strain, as there were discrepancies between C57BL/6J and 129/Svj. 
Although the behaviour of DVD-deficient BALB/c mice has not been characterized, adult 
vitamin D deficiency studies have shown that the behavioural profile of BALB/c mice is 
significantly different to that of C57BL/6J, showing altered behaviour in anxiety-related 
tasks, as well as altered responses to heat, shock and sound (Groves et al 2013). 
Taken together, temporary depletion of vitamin D during gestation in mice results in subtle 
alterations in the offspring, suggesting that it is a plausible risk factor for 
neurodevelopmental disorders. However, no direct causal relationship between vitamin D 
and brain disorders has been found. It has now been established that the majority of 
neurodevelopmental disorders, including ASD, ADHD and schizophrenia are a result of a 
combination of genetic and/or environmental factors. Therefore, it is possible that sub-
optimal vitamin D levels reduce the neuroprotective capacity leading to increased 
vulnerability to insults from secondary exposures, such as detrimental environmental 
exposures, injury or disease (Balden et al 2012, Suzuki et al 2013). The summation of 
these factors may result in greater risk of neurodevelopmental disorders. 
There is preclinical evidence that vitamin D deficiency can exacerbate second hit 
exposures. For example, a study using a model of stroke in rats showed that vitamin D-
deficient rats had a larger infarct volume in comparison to controls, which then correlated 
with greater post-stroke impairments in sensorimotor behavioural tests (Balden et al 2012). 
Molecular analyses revealed that compared to controls, vitamin D-deficient rats had 
significantly lower levels of Insulin-like Growth Factor-1 (IGF-1) in plasma, brain and liver. 
IGF-1 is a neuroprotectant normally elevated post-injury to rescue the tissue. Therefore, it 
is possible that a reduction of IGF-1 occurred as a result of vitamin D deficiency, which 
then contributed to the greater infarct volume observed in vitamin D-deficient rats (Balden 
et al 2012). Another study focusing on Parkinson’s Disease (PD) provided further evidence 
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for the neuroprotective properties of vitamin D. The impact of vitamin D supplementation 
(1200 IU daily for one year) was examined on a number of PD related outcomes. Patients 
that belonged to the Placebo group showed a stable worsening of PD outcomes, while 
those in the vitamin D supplement group presented no change in PD outcomes throughout 
the year of treatment, which suggests that low levels of vitamin D exacerbate the 
progression of disease. It has also been suggested that low vitamin D can aggravate the 
vulnerability to psychosocial stressors (McGrath et al 2010a). Jiang et al (2013) 
documented an up-regulation of both VDR and 1,25(OH)2D in the hippocampus of rats as 
a result of chronic mild stress. This suggests that vitamin D signalling may be essential for 
compensatory mechanisms that take place to protect the brain from insults such as stress, 
and that the combination of both vitamin D deficiency and a secondary exposure may 
result in greater disease susceptibility.  
 
1.3 Secondary insults to DVD deficiency 
 
A second hit exposure may occur at various time points: prenatally (concurrently with 
maternal vitamin D deficiency), during early postnatal life or in adulthood. Some prenatal 
exposures that are commonly observed in the population are exposure to toxins, use of 
tobacco, illicit drugs and alcohol. In this review, I will focus on prenatal ethanol exposure 
(PEE) as a secondary hit exposure to DVD deficiency. Australian statistics have reported 
that alcohol consumption in women of childbearing age to be as high as 85%. Moreover, 
with over 50% of pregnancies unplanned (Giglia et al 2007), this may allow at least a four-
week gap during which pregnancy might be unknown and alcohol consumption may occur. 
 
The deleterious effects of prenatal alcohol consumption were first established in 1973 and 
are referred to as Foetal Alcohol Syndrome (FAS) (Jones et al 1973). FAS is characterized 
by three main clinical features, including growth restriction, craniofacial abnormalities in 
addition to structural and/or functional deficits in the brain (Abel 1984, Sokol et al 2003). It 
is the most severe form of alcohol related disorders within the non-diagnostic umbrella 
term foetal alcohol spectrum disorders (FASD). Although the severity can vary among 
individuals, it is mostly associated with the level of exposure, in which heavy drinking 
patterns are more likely to cause FAS. Moderate and light drinking are commonly 
responsible for milder forms of FASD, which lack the presence of dysmorphic features 
typical of FAS but exhibit neurobehavioural and cognitive impairment (Abel et al 1998). For 
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example, several studies have reported FASD children to be hyperactive, irritable and 
experience difficulties in tasks of vigilance, reaction time and information processing. Life-
long impairments can include impulsivity, hyperactivity, social ineptness, poor judgement 
and learning disabilities (Brown et al 1991, Coles et al 2011, Mattson et al 2011, Nanson 
et al 1990).  
 
FAS is the least common effect of prenatal alcohol exposure among the FASD umbrella, 
with a prevalence of 5% in children of typically alcoholic mothers (Abel et al 1998, 
Kaminen-Ahola et al 2010a). A major focus of prenatal alcohol research has been on 
levels of alcohol within the moderate to high range. Fewer studies have investigated the 
impact of relatively low concentrations of alcohol exposure in utero on behaviour and 
cognitive performance in the offspring, with studies reporting conflicting findings. A large 
longitudinal study in pregnant women revealed that mothers who consumed light levels of 
alcohol (2-6 standard drinks per week) in the first three months of pregnancy had children 
with significantly lower total and internalizing behaviour scores over fourteen years, 
representing more positive behaviour than non-drinkers at three months’ gestation 
(Robinson et al 2010). This study also revealed that children of light to moderate drinkers 
(2-10 standard drinks per week) were at a clinically meaningful lower risk of total, 
internalising and externalising behavioural problems than the children of women who did 
not drink. Although these results support other studies with similar findings, which suggest 
that low levels of alcohol exposure were not associated with developmental risks (Kelly et 
al 2009), they are in opposition to others, which report that even low levels of alcohol were 
adversely related with child behaviour (Sayal et al 2007); (Sood et al 2001). A prospective, 
population-based study found that consumption of >1 drink per week during the first 
trimester of pregnancy was independently associated with clinically significant mental 
health problems in girls at 47 months, and persisted at 81 months (Sayal et al 2007). 
Another longitudinal study monitored maternal alcohol and drug use during pregnancy, 
and followed up with families six years later. Using the Achenbach Child Behaviour 
Checklist (CBCL) to assess child behaviour, results showed that children with any prenatal 
alcohol exposure were more likely to have higher CBCL scores on externalizing 
(aggressive and delinquent) and internalizing (anxious/depressed and withdrawn) 
syndrome scales as well as on the total problem score. Furthermore, there were significant 
differences found between no and low-exposure groups for aggressive and externalizing 
behaviours at age 6 to 7, which persisted after controlling for other factors associated with 
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adverse behavioural outcomes, thereby suggesting that the adverse effects of prenatal 
alcohol exposure are evident even at low levels of exposure (Sood et al 2001). 
 
Rodents have been widely used to investigate the effect of prenatal ethanol exposure on 
brain function and behaviour (Kelly et al 2009, Wilson et al 2011). However, there is no 
standard FASD rodent model because researchers alter experimental parameters such as 
dose, pattern and timing of exposure and route of administration, which influence 
outcomes and mirrors the diverse manifestations of FASD in humans. C57BL/6J mice 
exhibit a propensity to voluntarily consume alcohol (Kleiber et al 2011) which has a 
practical advantage in that it minimizes confounding effects of maternal stress caused by 
ethanol injections. A previously established mouse model utilised ad libitum ethanol 
exposure (moderate levels of 10% v/v) during the first eight days of gestation (GD 0-8), 
which is equivalent to the first 3–4 weeks of a human pregnancy, thereby mimicking the 
period of time during which mothers are unaware of pregnancy (Kaminen-Ahola et al 
2010a, Kaminen-Ahola et al 2010b). Using this procedure, adult coat colour changes were 
detected in C57Bl/6 mice carrying the epigenetically regulated allele, Agouti viable yellow 
(Avy). Given that adult coat colour is linked to the Avy allele, changes in this phenotype 
show that moderate prenatal alcohol exposure (GD 0–8) could alter Avy expression and 
DNA methylation. This study showed, for the first time, that moderate prenatal alcohol 
exposure could affect the adult phenotype by modifying the epigenotype of the early 
embryo.  
 
With regards to behaviour, social and cognitive domains have been studied across various 
models of ethanol exposure. As previously mentioned, experimental design (dose, timing 
and mode of exposure) greatly influences on outcome measures, therefore, mixed findings 
have been reported. Communication in mice is often assessed via ultrasonic vocalizations 
(USVs) emitted by pups when separated from the dam and litter (Scattoni et al 2009b). A 
study in which dams were exposed to ethanol for the first and second trimester reported a 
reduction in USVs in PEE juvenile offspring (Wellmann et al 2015), while a model of 
chronic exposure (GD1-P10) showed no effect of ethanol. Furthermore, in the sociability 
domain, some have reported reduced play/fight encounters, shorter gap-crossings 
(Wellmann et al 2015), impaired prosocial interaction and increased avoidance (Hellemans 
et al 2010) and increased wrestling behaviour in ethanol-exposed adult males, while little 
to no effect has been found in females. Moreover, there are little to no reports on these 
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behaviours at juvenile stages, during which neurodevelopmental disorders as ASD usually 
become prominent in children.   
 
Given that learning and memory deficits have been a prominent phenotype in children with 
FAS, this domain has been heavily studied in rodent models utilising several methods. 
High levels of exposure have found deficits in the Morris Water Maze (MWM) in rats 
(Savage et al 2002) (Mattson et al 1999), and similarly, chronic ethanol exposure in mice 
has been shown to induce deficits in the Barnes Maze test (Kleiber et al 2011); 
nevertheless, moderate levels of exposure have been reported to have either no effect in 
rats (Cullen et al 2013), while another study in mice showed an enhanced performance in 
ethanol-exposed males in the MWM (Sanchez Vega et al 2013). Based on its crucial role 
in learning and memory, the hippocampus has been the focus of numerous prenatal 
alcohol exposure studies. Human data has shown a reduction in hippocampal volume and 
Magneic Resonance Imaging (MRI)-behavioural evaluations have suggested links 
between alterations in hippocampal volume and memory deficits (Coles et al 2011, 
Willoughby et al 2008). Likewise, decreased hippocampal volume has been reported in 
rats (Livy et al 2003, Parnell et al 2009) along with alterations in hippocampal-dependent 
learning and memory (Wozniak et al 2004, Zink et al 2011).  
 
At a molecular level, studies using high dose ethanol exposures have encountered 
alterations in glutamatergic signalling as well as in synaptic plasticity in hippocampal 
tissue, showing dysregulation of vesicular glutamate transporter 1 (Vglut1), complexin 1, 
various N-methyl-d-aspartate (NMDA) receptor subunits and excitatory amino acid 
transporters 1 and 3 (EAAT1 and 3) (Naassila et al 2002, Zink et al 2009, Zink et al 2011). 
Moreover, a recent model using moderate levels of exposure early in gestation revealed a 
disruption in the developmental silencing of solute carrier family 17 member (Slc17a6), 
which encodes for vesicular glutamate transporter 2 (Vglut2) in the adult hippocampus, 
suggesting a long-term effect on glutamatergic signalling. Additionally, epigenetic analyses 
have shown complex patterns of DNA methylation and post-translational histone 
modifications at the promoter and an upstream region of Slc17a6, including dynamic 
epigenetic marks that are altered by transcriptional activity as well as fixed DNA 
methylation mark that possibly confers epigenetic memory of prenatal ethanol exposure. 
 
PEE has also been found to affect other neurotransmitter systems, including the 
dopaminergic system (Druse et al 1990). PEE has been associated with a reduction in 
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spontaneous activity in dopamine (DA) neurons, decreased DA uptake and receptor 
binding sites, decreased DA metabolite homovanilic acid (HVA) in DA neurons and 
decreased D1 receptors in the hypothalamus and striatum (Cooper et al 1988, Detering et 
al 1980, Druse et al 1990, Rathbun et al 1985, Shen et al 1999, Zhou et al 2003), as well 
reduced dendritic growth in DA neurons (Shetty et al 1993) and changes in DA receptor 
function (Shen et al 1995), which highlights the potent extent to which ethanol can affect 
neurodevelopment.  
 
Taking into account the prevalence and biological plausibility of both DVD deficiency and 
moderate PEE, as well as evidence showing both of these factors have subtle effects on 
offspring behaviour and can impact glutamatergic and dopaminergic signalling, an 
investigation of the combined effects of these exposures in the offspring is warranted.   
 
1.4 Aims & outline of thesis 
 
The first aim for the research presented in this thesis was to develop a two-hit model of 
DVD deficiency and PEE in mice. It was hypothesized that BALB/c mice would be more 
vulnerable to the effects of these exposures compared to C57BL/6J mice. This was 
examined in Chapter 2.  
 
The second aim was to determine the effects of DVD deficiency and PEE on neonatal 
gene and protein expression, as well as on brain structure. It was hypothesized that 
offspring from the two-hit exposure group would show further alterations when compared 
to those exposed to DVD deficiency or PEE alone. A broad screening approach was used 
to verify the effects of DVD deficiency and PEE on transcript and protein expression and 
this was examined in Chapter 4. This was followed by a more focused analysis, where the 
expression of specific candidate genes important for neurodevelopment was evaluated in 
Chapter 5. The effects of DVD deficiency and PEE on brain morphology was also 
assessed via MRI and histological analysis in Chapter 5.  
 
The third aim of this thesis was to study the effects of DVD deficiency and PEE on 
behaviour. It was hypothesized that the absence of vitamin D during development would 
exacerbate previously described effects of PEE on adult behaviours, including altered 
learning and memory and response to psychomimetic drugs. These data are presented in 
Chapter 3. The effects of DVD deficiency and PEE on juvenile behaviour were examined 
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in Chapter 6, focusing on behaviours known to be disrupted in early-onset 
neurodevelopmental disorders, such as ASD, including communication, locomotion and 
sociability. 
  
2 
Establishing a two-hit model of 
DVD deficiency and PEE in 
C57BL/6J and BALB/c mice 
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Chapter 2. Establishing a two-hit model of DVD deficiency and PEE in 
C57BL/6J and BALB/c mice 
 
2.1 Introduction 
 
Epidemiological studies indicate that vitamin D deficiency in Australia is prevalent in 
women of childbearing age (Bodnar et al 2007, Daly et al 2012). It is now known that DVD 
deficiency has a long-lasting impact on both behavioural and neurochemical 
characteristics in the offspring (Burne et al 2004a, Eyles et al 2007, Fernandes de Abreu 
et al 2010). PEE is also a plausible risk factor for long-lasting consequences in offspring 
because of elevated alcohol consumption rates in women of childbearing age and the 
large proportion of unplanned pregnancies (approx. 50%) (Colvin et al 2007). Furthermore, 
there is an increased likelihood that these two common exposures take place 
simultaneously, however, there is a gap in the literature focusing on their combined risk, 
therefore, it is important to address the effects the combined effects of DVD deficiency and 
PEE on development and later in adulthood. 
 
C57BL/6J mice are a widely used strain with a well-known genetic background. However, 
there are considerable behavioural differences between mouse strains, for example 
Crawley et al (1997), have shown that other strains, such as BALB/c are more 
sensitive/vulnerable to subtle exposures, making it easier to detect altered phenotypes 
than in C57BL/6J mice (considered a resilient strain). A small number of studies have 
compared the effects of PEE in C57BL/6J to other strains. One study compared C57BL/6J 
to BALB/c mice and focused on the effects of PEE on the development of the corpus 
callosum, and found a reduction in the area of the corpus callosum and the anterior 
commissure in PEE BALB/c mice, while the same parameters were not altered in PEE 
C57BL/6J mice (Wainwright et al 1985). In a different study looking at the effects of PEE 
on adult behaviour, where C57BL/6J mice were compared to C3H/He mice, male C3H/He 
PEE offspring showed impaired scent marking behaviour compared to controls, while 
C57BL/6J did not show changes in scent marking, suggesting they were more resilient to 
the effects of PEE (Hale et al 1992). Nevertheless, another PEE study comparing 
C57BL/6J mice to DBA/2J mice found different gene expression patterns between strains, 
but only C57BL/6J mice showed alterations in gene expression (genes relevant to mRNA 
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splicing, transcription and translation) as a result of ethanol exposure (Downing et al 
2012). 
 
With respect to vitamin D deficiency, only one study of DVD deficiency has directly 
compared two inbred mouse strains (C57BL/6J and 129/SVJ mice). Neonatal DVD-
deficient mice of both strains had increased hippocampal volumes compared to control 
mice. Increased exploration was also found in adult DVD-deficient offspring of both strains 
(Harms et al 2008a). However, hyperlocomotion, the most replicated behavioural 
phenotype in rat DVD deficiency models (Burne et al 2006), was only found in 129/SVJ 
mice. By contrast, hyperlocomotion was found in C57BL/6J and BALB/c strains using a 
mouse model of Adult vitamin D (AVD) deficiency, whereas BALB/c mice also showed 
altered anxiety-like behaviours, while C57BL/6J did not. Furthermore, neurochemistry 
analysis reported marked differences between strains upon AVD deficiency, in which 
C57BL/6J mice had increased dopamine and 5-hydroxytryptamine turnover, while the 
BALB/c strain showed decreases in levels of glutamate and glutamine and increased 
levels of gamma-aminobutyric acid (GABA) and glycine. However, both inbred mouse 
strains showed a small but significant decrease in the level of an enzyme involved in 
GABA synthesis, glutamate decarboxylase (GAD65/67) (Groves et al 2013). Overall, these 
studies demonstrate the importance of background strain, and in the case of moderate 
environmental exposures as low-dose ethanol exposure and vitamin D deficiency, suggest 
that perhaps C57BL/6J is not the optimal strain, and a more sensitive strain may be more 
appropriate. Therefore, the first aim of this experiment was to compare the effects of DVD 
deficiency and PEE on C57BL/6J to BALB/c mice, to then select one strain for future 
experiments.   
 
A number of PEE studies in rodents have reported abnormal growth and development as 
a result of the exposure to ethanol. However, the dose and duration of exposure may play 
an important role in the phenotype of the offspring (Mantha et al 2013, Tran et al 2000). 
There are no previous DVD deficiency studies that have examined postnatal development 
in mice. Therefore, the second aim of this experiment was to test whether the combination 
of PEE and DVD deficiency had a significant effect on the achievement of early 
developmental milestones and if there were any long-term changes observed during 
adulthood. Locomotion is a simple but sensitive parameter that would provide an initial 
insight as to whether the adult phenotype is altered in DVD-PEE animals. Both PEE and 
DVD deficiency studies have individually shown alterations in locomotion, though results 
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are not consistent across studies (hyper/hypo) and vary with strain, dosage and housing 
environment (Abate et al 2017, Burne et al 2004a, Harms et al 2008a, Sanchez Vega et al 
2013). 
 
The precise molecular mechanisms by which either DVD deficiency or PEE influences 
long-term behaviour in the offspring are not known. The concept of a two-hit model has 
been used to investigate whether there is an additive effect seen whereby one exposure 
may act in concert with the other and have a synergistic effect (Balden et al 2012, Jiang et 
al 2013, McGrath et al 2010a, Suzuki et al 2013). At a molecular level, studies using high 
dose ethanol exposures have encountered alterations in glutamatergic signalling, and 
changes in synaptic plasticity in hippocampal tissue have been implicated, through 
dysregulation of VGLUT1, complexin 1, various NMDA receptor subunits and EAAT1 and 
3 (Naassila et al 2002, Zink et al 2009, Zink et al 2011). Moreover, a recent model using 
moderate levels of exposure early in gestation revealed a disruption in the developmental 
silencing of Slc17a6, which encodes for VGLUT2 in the adult hippocampus, suggesting a 
long-term effect on glutamatergic signalling (Zhang et al 2015). Additionally, epigenetic 
analyses have shown complex patterns of DNA methylation and post-translational histone 
modifications at the promoter and an upstream region of Slc17a6, including dynamic 
epigenetic marks that are altered by transcriptional activity as well as fixed DNA 
methylation mark that possibly confers epigenetic memory of PEE (Zhang 2013). 
 
There are limited data examining glutamate regulation in DVD mice, although studies in 
rats have shown changes in glutamate and dopamine signalling from birth. For example, 
there was an increase of dopamine in the basal ganglia, increase in noradrenaline levels 
and a decrease of glutamate and GABA in the hippocampus of neonatal DVD-deficient 
rats (Kesby et al 2017), suggesting that DVD deficiency may play a part in the regulation of 
both the glutamate-glutamine cycle and dopamine signalling.  
 
Therefore, the last aim of this experiment was to study the effects of DVD deficiency and 
PEE on glutamatergic regulation, starting with its vesicular transporters (Vglut1-3). Vglut1 
expression is upregulated around birth and peaks at 2 week of age, whereas Vglut2 
expression is widely distributed during embryogenesis, peaks at around birth, and 
subsequently becomes downregulated in cells in which Vglut1 is progressively 
upregulated (Fremeau et al 2004). Genetically modified mice with either Vglut1 or Vglut2 
deletion lead to a loss of glutamatergic transmission from the affected neurons. Not 
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surprisingly, the deletion mutants suffer from severe pathological symptoms (Fremeau et 
al 2004, Wojcik et al 2004) or die at birth (Moechars et al 2006, Wallen-Mackenzie et al 
2009). Moreover, a conditional knockout- Vglut2f/f; DAT-Cre cKO mouse line displayed no 
phenotypic alterations compared to wild-type litter mates, although mutant subjects had an 
altered behavioural phenotype, showing hyperactivity, reduced anxiety-related behaviour 
and increased risk-taking behaviour (Wallen-Mackenzie et al 2009). 
 
Therefore, the key outcome measures of interest in the current experiment were 
developmental milestone assessment (P21) locomotion (P21 and P70) and adult 
hippocampal expression of Vglut1-3 in the offspring of vitamin D deficient and ethanol 
exposed dams of both C57BL/6J and BALB/c mice.  
 
2.2 Material and methods 
 
2.2.1 Animals and housing 
 
Twenty adult male and 40 four-week old female mice of each strain (C57BL/6J and 
BALB/c) were purchased (ARC, Perth, WA) and housed in individually ventilated OptiMice 
cages (Animal Care Systems, CO, USA) at 21°C, 40–60% humidity and 12 h light dark 
cycle (lights on 0700 h) with ad libitum access to pelleted food (Specialty Feeds, WA) and 
water. The mice were habituated to the QBI animal house for 4–5 days and the females 
were divided across four breeding waves of 20 females each, two waves per strain, and 
separate waves of mice arrived every fortnight. The same sires were used throughout both 
waves of each strain to reduce variability from different sires. Dams from each strain were 
randomly allocated to one of four experimental groups: 1) Standard diet and water (Std-
H2O), 2) Standard diet and ethanol (Std-PEE), 3) vitamin D deplete diet and water (DVD-
H2O) or 4) vitamin D deplete diet and ethanol (DVD-PEE). All experimental work was 
performed with approval from the University of Queensland Animal Ethics Committee 
(QBI/461/11/NHMRC; QBI/461/14/NHMRC), under the guidelines of the National Health 
and Medical Research Council of Australia. 
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2.2.2 Vitamin D deficiency 
 
Prenatal vitamin D deficiency was achieved using a previously established method by 
feeding female mice from four weeks of age a diet free of vitamin D (vitamin D Deficient 
AIN93G Rodent diet, Specialty Feeds, WA, Australia), and by housing all mice under 
incandescent lighting free of UVB radiation as described in (Harms et al 2008a). Standard 
diet (control) animals were housed in the same conditions as vitamin D deficient animals, 
but were given a standard vitamin D-containing diet (Standard AIN93G Rodent diet, 
Specialty Feeds, WA, Australia). At 10 weeks of age, female mice were caged with a 
single vitamin D replete male in the afternoon and checked each morning between 0830 
and 0900 h for the presence of a vaginal plug, which indicated that mating had taken 
place. The day of plug detection was considered gestational day 0 (GD 0), at which time 
the female was removed from the cage, housed individually and randomly allocated to an 
exposure group (see maternal ethanol exposure below). Dams remained on these 
respective diets throughout gestation. 
All dams were placed on the control diet (containing vitamin D) within 12 h of giving birth. 
Offspring were weaned 28 days after birth, and were provided with water and standard 
vitamin D containing mouse pellets (Feeder and Grower diet, Specialty Feeds, WA, 
Australia) for the remainder of the experiment. 
 
2.2.3 Maternal ethanol exposure 
 
Prenatal ethanol exposure was carried out as previously described (Kaminen-Ahola et al 
2010a, Kaminen-Ahola et al 2010b). Briefly, immediately after plug detection, females from 
both vitamin D deplete and standard diets were randomly assigned to the ethanol group 
and they had access to one bottle containing 10% ethanol for 8 days, which is equivalent 
to the first 3–4 weeks of a human pregnancy, thereby mimicking the period of time during 
which mothers are unaware of pregnancy. The remaining mice comprised the water group, 
which had access to a bottle containing tap water. All animals received ad libitum access 
to the drinking bottles and food (either vitamin D depleted or standard pellets). Every 24 h 
the contents of the water bottles were replaced with fresh solution and consumption (ml) 
measured. On the last day of exposure, GD8, the bottle containing ethanol was replaced 
with a bottle containing water and body weight was measured. All dams were subjected to 
only one cycle of ethanol exposure, and all other environmental factors (e.g. cage type, 
environmental enrichment) were kept consistent between groups. 
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2.2.4 Behaviour  
 
2.2.4.1 Early developmental measures 
 
Developmental differences between exposure groups (Std-H2O; Std-PEE; DVD-H2O; 
DVD, PEE) were measured at P21 in mice from all litters. Measures were assessed at P7 
in preliminary data collection, however, cannibalism was a significant issue, therefore, 
further testing proceeded with P21 assessment only in order to maximise litter numbers for 
further experiments. The parameters measured were body weight, body length, ear folding 
and eye opening (scale 0-2) and righting reflex (scale 0-1) (adapted from Fox (1965)). In 
addition, the number of steps made in 30 s was recorded as a measure of locomotion. 
 
 
2.2.4.2 Adult locomotion 
 
C57BL/6J and BALB/c mice from all four experimental groups were assessed for 
locomotor activity at P70. Each mouse was placed in a clear open field (27.5 x 27.5 x 
30cm, Med Associates Inc, USA) within a sound attenuated chamber and activity levels 
were recorded for 30 min. The light level was set at 18 lux. As a measure of spontaneous 
activity, distance travelled was calculated using activity monitor tracking software based on 
beam breaks from three 16 beam infrared arrays and was sampled in 1 min time bins 
(Stanford 2007, Walsh et al 1976). 
 
2.2.5 Molecular  
 
2.2.5.1 Tissue collection  
 
Following behavioural analysis, brain tissue was collected from a total of 205 offspring at 
P70-77 (24h after locomotion test). Each mouse was lightly anaesthetized with isofluorane 
(for < 20 s) until motor control was lost and euthanized rapidly by cervical dislocation and 
then decapitation. The brain was then removed from the skull and the entire hippocampus 
was then dissected from the remaining posterior block of brain tissue. All tissues were 
snap-frozen in liquid nitrogen within 5 min of death and then stored at -80˚C.  
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2.2.5.2 Primer validation 
 
Prior to performing quantitative real-time polymerase chain reaction (qRT-PCR) analysis 
on experimental samples, primers were tested for dimer formations and housekeeping 
genes were selected (See Appendix 1 for primer sequences). DNA gel electrophoresis 
was carried out for a more accurate visualization of results. Briefly, a 2% agarose gel with 
added SYBR safe stain was prepared and 20 µl of samples were loaded in each well 
(samples were prepared by adding 25µl of qRT-PCR product + 5µl 1xDNA sample dye) 
with a DNA reference ladder in the middle lane; the gel was run in 0.5x TBE buffer at 75V 
for 55min and then visualized under UV light. 
 
2.2.5.3 qRT-PCR 
 
A total of 91 hippocampal tissue samples were selected for gene expression analysis (n= 
7-12/Group/Sex).  RNA (1ug) was reverse transcribed in a 20 µl reaction using 0.5μg/ml 
Oligo(dT), 10mM dNTP mix, 10x RT buffer, 0.1M DTT, 40 units/μl of RNaseOUT and 200 
units/μl SuperScript III Reverse Transcriptase. RT reactions were diluted 10 times and 3 µl 
was used in the qRT-PCR with 1 x SYBR green MasterMix and 1 µM of forward/reverse 
primers. Cycling parameters included 50°C for 5 min, followed by 40 cycles of 
denaturation at 95°C for 15 s and annealing and extension at 60°C for 1 min. Every 
sample was loaded in triplicate in each qRT-PCR plate and plates were performed in 
triplicate to confirm the validity of the results. Hypoxanthine guanine phosphoribosyl 
transferase (Hprt1) was used as housekeeper. Analysis of qRT-PCRs utilised the 
comparative Ct method (Schmittgen et al 2008). Primer sequences for qRT-PCR analysis 
of Vglut1-3 were obtained from previous literature (Cheng et al 2011); Hprt1 was chosen 
as housekeeping gene, based on both the literature and their consistent and high level of 
transcription in the hippocampal samples previously assayed by microarray. Its expression 
levels were assessed across all samples using the Ct values from the qPCR reaction and 
performing a one-way ANOVA to confirm there were no significant changes in expression 
across experimental groups (Diet: F1,89=0.00, p=0.99; Exposure: Diet: F1,89=0.62, p=0.43; 
DietxExposure: F1,89=0.99, p=0.32). The transcriptional levels of Vglut1-3 were analysed 
by qRT-PCR in adult hippocampal samples of both sexes (Waves 1, 2 and 3). 
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2.2.6 Statistical analysis 
 
Results were analysed for statistical significance using the SPSS statistics software 
package (ver. 24, SPSS Inc., Chicago, Illinois). There were no significant Group x Sex 
interactions, therefore, data were presented pooled for sex (Appendix 2 & 3). Data were 
analysed using ANOVA and, where appropriate, repeated measures were used. Student’s 
t-test was used to assess the difference between two groups. Associations between 
behavioural results and gene expression levels were performed using non-linear 
regression. A p value of <0.05 was considered to be statistically significant. 
 
2.3 Results 
 
2.3.1 Breeding outcomes 
 
There was no significant effect of maternal Diet on pregnancy rate, litter size or dam and 
pup mortality in mice. The average daily consumption of 10% ethanol during GD0–8 was 
2.5±0.2 (SEM) ml/mouse/day (or 12.5 g ethanol/kg body weight/day) and was not different 
between strains. It has been shown that female mice voluntarily consuming 10% ethanol 
at 14 g ethanol/kg body weight/day produces average peak blood alcohol levels of ca. 120 
mg/dl (Allan et al 2003). There was no significant effect of Diet (F1,88=1.7 p= 0.2; Fig. 2.1 
A) or Exposure (F1,88=3.6 p= 0.06; Fig. 2.1 A) in maternal weight gain across the ethanol 
exposure days (GD0-8). Average drinking volumes (measured daily GD0-8) were not 
affected by Exposure (F1,88=2.8, p=0.1; Fig. 2.1 B). Inspection of Fig. 2.1B suggests that 
DVD-deficient dams drank more than Std-diet mice. However, the main effect of Diet did 
not reach significance (F1,88=3.6, p=0.06; Fig. 2.1 B). 
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Figure 2.1 Maternal weight gain and drinking. 
(A) There was no significant effect of Group in weight gain between the first 8 days of gestation, 
which coincide with exposure to ethanol or water. (B) There was no effect of Group in the average 
drinking volumes across the first 8 days of gestation. Data presented as mean  SEM. 
 
 
2.3.2 Developmental milestone assessment at P21 
 
The postnatal development of 205 offspring from all Groups was monitored at P21. 
Monitoring initially intended to take place at P7 and P14, however this was later was 
limited to P21 to avoid cannibalism induced by handling. There was no significant effect of 
Group (either Diet or Exposure) on body weight and length, ear folding, eye opening, and 
righting reflex (Tables 2.1 and 2.2). There was a significant main effect of Strain on 
locomotion, measured as the number of steps in 30 s, whereby C57BL/6J mice showed 
increased locomotion at P21 in comparison to BALB/c mice. Likewise, a main effect of Diet 
(F1,208=74.013, p<0.001; Fig 2.2) and Exposure (F1,208=123.653, p<0.001; Fig. 2.2) was 
found on locomotion, as well as a significant interaction of Diet x Exposure, whereby DVD-
PEE mice showed a significant increase in locomotion at P21 compared to controls (Std-
H2O) (F1,208=11.853, p<0.001; Fig. 2.2). 
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Table 2.1. Developmental milestones in P21 C57BL/6J pups from DVD-deficient and PEE litters. 
 
  C57BL/6J 
  
Std-H2O (n=20)   Std-PEE (n=7)   DVD-H2O (n=24)   DVD-PEE (n=27) 
  
Mean SEM   Mean 
SE
M 
  Mean SEM   Mean SEM 
Weight (g) 7.68 0.25  6.93 0.46  7.06 0.17  7.11 0.14 
Length-full (cm) 11.44 0.17  10.24 0.25  10.96 0.12  10.98 0.1 
Eyes.opening (0-2) 2 0  2 0  2 0  2 0 
Ear folding (0-2) 2 0  2 0  2 0  2 0 
Righting reflex (0-1) 1 0  1 0  1 0  1 0 
Locomotion.d21 
(steps/30s) 
42.15 1.56  48.29 2.49  49.54 1.19  58.74 0.96 
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Table 2.2. Developmental milestones in P21 BALB/c pups from DVD-deficient and PEE litters. 
 
  BALB/c 
  
Std-H2O (n=36)   Std-PEE (n=20)   DVD-H2O (n=30)   DVD-PEE (n=44) 
  
Mean SEM   Mean SEM   Mean 
SE
M 
  Mean SEM 
Weight (g) 9.69 0.24  10.03 0.19  9.67 0.4  9.31 0.17 
Length-full (cm) 12.48 0.08  12.53 0.13  12.61 0.12  12.48 0.08 
Eyes.opening (0-2) 2 0  2 0  2 0  2 0 
Ear folding (0-2) 2 0  2 0  2 0  2 0 
Righting reflex (0-1) 1 0  1 0  1 0  1 0 
Locomotion.d21 
(steps/30s) 
26.19 0.88  42.55 1.26  36.27 1.17  49 1.15 
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Figure 2.2. Locomotion during early life (P21).  
(A) Locomotion was measured in C57BL/6J mice at P21 as numbers of steps taken in 30s. 
Exposure to DVD deficiency alone, as well as PEE increased activity levels; exposure to both DVD 
deficiency and PEE further increased locomotion. (B) Locomotion in BALB/c mice at P21. PEE 
increased locomotion; similar effects were seen after DVD deficiency. Increased hyperlocomotion 
was noted as a result of the combination of DVD-PEE. Data presented as mean  SEM. 
 
2.3.3 Adult locomotion (P70) 
 
Novelty-induced locomotion from all animals was evaluated in an Activity Monitor for 
30min. There was a significant effect of Strain, whereby C57BL/6J mice were more active 
than BALB/c. Analysis split by Strain showed that there was a main effect of Diet (F1,74= 
8.3 p=0.005; Fig. 2.3 A) and of Exposure (F1,74= 7.2 p=0.009; Fig. 2.3 A), but not an 
interaction of Diet x Exposure (F1,74= 2.01 p=0.16; Fig. 2.3 A) in C57BL/6J mice. There 
were no significant effects of Diet (F1,129=0.53 p=0.47; Fig. 2.3 B), Exposure (F1,129=1.2 
p=0.27; Fig. 2.3 B) or an interaction of Diet x Exposure (F1,129=2.2 p=0.14; Fig. 2.3 B) in 
BALB/c mice. The exacerbated hyperlocomotive effect of Diet and Exposure seen at P21 
was no longer present. 
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Figure 2.3 Locomotion during early adulthood (P70). 
(A) Locomotion in C57BL/6J mice during adulthood (P70). Exposure to DVD deficiency as well as 
PEE resulted in hypoactivity. (B) Picture of open field arena (activity monitor). (C) Locomotion in 
BALB/c mice during adulthood (P70). There were no significant effects of Diet or Exposure. 
(C57BL/6J Std-H2O n=19; DVD-H2O=24; Std-PEE n=8; DVD-PEE n=24. BALB/c Std-H2O n=36; 
DVD-H2O n=30; Std-PEE n=20; DVD-PEE n=44). Data presented as mean  SEM. 
 
2.3.4 Primer validation 
 
qRT-PCR results and DNA gel electrophoresis confirmed the validity of the selected 
primers and housekeeping gene as no dimers were observed and the molecular weight 
was accurate with the expected weight (obtained from the original primer design- Cheng et 
al (2011)) (Fig. 2.4) 
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The mice were placed along the edge of the wall and the number of head-dips in a 10 
min period was analysed. Each mouse was tested; one at a time, with all mice of a single 
strain being tested on the same day. Activity was recorded using video recording 
software (Miglia TV) and the number of head-dips was manually recorded. The 
apparatus was cleaned between each mouse with 80 % ethanol. 
             
Figure 6. The Holeboard. A. The holeboard apparatus with a C57Bl/6 mouse head-dipping into 
a hole in the floor. B. A schematic representation showing dimensions. The holeboard test was 
used to measure exploration based on the frequency of head-dipping. 
2.5.4 Light/Dark Test 
The light/dark test was used in the behavioural test battery to aid in the analysis of 
anxiety levels of the mice (Crawley, 1985). The two-chambered light/dark apparatus 
(Fig 7) consisted of an open black box (30 cm high x 30 cm x 30 cm), with half of the 
box containing a black insert (15 cm high x 30 cm x 15 cm) creating the dark chamber. 
The insert had a small rounded open doorway in the centre leading to the light chamber.  
The mice were placed in the doorway with their head inside the dark chamber and two 
parameters were analysed. The time for the mouse to emerge from the dark chamber into 
the light and the percentage of time the mouse spent in the light chamber in a 10 min 
period. Each mouse was tested individually, with all mice of a single strain being tested 
on the same day. The test was recorded using a USB webcam and recording software 
B
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Lane Sample Gene Lane Sample Gene 
1 cDNA6 (1:5) Hprt1 9 cDNA7 (1:20) Vglut1 
2 cDNA7 (1:5) Hprt1 10 cDNA6 (1:5) Vglut2 
3 cDNA6 (1:20) Hprt1 11 cDNA7 (1:5) Vglut2 
4 cDNA7 (1:20) Hprt1 12 cDNA6 (1:20) Vglut2 
5 cDNA6 (1:5) Vglut1 13 cDNA7 (1:20) Vglut2 
6 cDNA7 (1:5) Vglut1 14 cDNA6 (1:5) Vglut3 
7 cDNA6 (1:20) Vglut1 15 cDNA6 (1:20) Vglut3 
8 LADDER     
 
 
Figure 2.4. Primer validation via DNA gel electrophoresis. 
Primers for Vglut1-3 were tested by qRT-PCR and visualized via DNA gel electrophoresis. No 
primer dimers were found and band were sitting at the correct molecular weight (Hprt1:165bp; 
Vglut1: 167bp; Vglut2: 173bp; Vglut3: 128bp) (Cheng et al 2011). 
 
 
2.3.5 Vglut1-3 expression in early adulthood (P80-90) 
 
The expression of Vglut1 and 3 was not significantly different as a result of treatment. 
There was a significant effect of strain, whereby BALB/c mice had higher levels of Vglut 3 
compared to C57BL/6J (F1,92= 4.744 p<0.05; Figure 2.5 C, D). With regards to Vglut2, there 
was a significant three- way interaction Strain x Diet x Exposure (F1,89= 4.364 p<0.05; Fig. 
2.6). C57BL/6J mice belonging to the Std-PEE group showed a significant downregulation 
in Vglut2 expression (t= 2.098, df: 15.389, p<0.05; Fig. 2.6A), while both DVD-H2O and 
DVD-PEE showed no difference in Vglut2 levels. On the other hand, BALB/c mice from the 
Std-PEE group as well as the DVD-H2O group showed an upregulation of Vglut2 while the 
DVD-PEE animals showed no difference (Fig. 2.6B). 
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Figure 2.5. Expression of Vglut1 and 3 in C57BL/6J and BALB/c hippocampal tissue. 
(A, B) There was no effect of treatment in the expression of Vglut1 in C57BL/6 or BALB/c adult 
hippocampal tissue. (C, D) Vglut3 expression was not affected by treatment in C57BL/6 or BALB/c 
hippocampal tissue, however, there was a main effect of strain, where BALB/c had a higher 
expression than C57BL/6J. (C57BL/6J Std-H2O n=12; DVD-H2O=12; Std-PEE n=7; DVD-PEE 
n=12. BALB/c Std-H2O n=12; DVD-H2O n=12; Std-PEE n=12; DVD-PEE n=12). Data presented as 
mean  SEM. 
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Figure 2.6. Expression of Vglut2 in C57BL/6J and BALB/c hippocampal tissue. 
(A) Vglut2 expression in C57BL/6 hippocampal tissue from the Std-PEE group was significantly 
reduced, while no difference was found in the DVD-H2O and DVD-PEE groups. (B) Vglut2 
expression in BALB/c hippocampal tissue from the Std-PEE and the DVD-H2O groups was 
increased, while no difference was found in the DVD-PEE group. (C57BL/6J Std-H2O n=12; DVD-
H2O=12; Std-PEE n=7; DVD-PEE n=12. BALB/c Std-H2O n=12; DVD-H2O n=12; Std-PEE n=12; 
DVD-PEE n=12). Data presented as mean  SEM. 
 
2.4 Discussion 
 
Studies on DVD deficiency have shown behavioural and neurochemical alterations in adult 
offspring (Harms et al 2012a). Similarly, PEE models have reported alterations in both 
behaviour and gene expression (Sanchez Vega et al 2013, Zhang et al 2015). However, 
limited studies have explored the combination of both of these prenatal insults. The main 
findings from this study were: 1) C57BL/6J and BALB/c animals from the DVD-H2O and 
Std-PEE showed increased locomotion compared to controls (Std-H2O); 2) mice from the 
‘two-hit’ group (DVD-PEE) showed further hyperlocomotion compared to those under a 
singular exposure, suggesting a synergistic effect of DVD deficiency and PEE in 
locomotion at P21; 3) there was a main effect of Strain (C57BL/6J vs. BALB/c) on novelty-
induced locomotion at P70. In C57BL/6J mice, there was a significant main effect of Diet 
(deplete vs. standard) and of Exposure (ethanol vs. water) on this measure, however, the 
pattern was different from results obtained at P21, as locomotion was decreased in 
prenatally exposed animals; 4) there was a significant effect of Strain x Diet x Exposure in 
the expression of Vglut2 in adult hippocampus. 
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2.4.1 Effects of DVD deficiency and PEE on early development 
 
Gross developmental abnormalities were not expected in this experiment. Previous studies 
using this model of DVD deficiency have shown that Ca2+ levels are similar between 
control and DVD deficient offspring, and DVD-deficient mice attained all developmental 
milestones at the same stage as control mice (Harms et al 2012a). Similarly, given the low 
dose and brief period of exposure to ethanol in the model used in this experiment, typical 
developmental progression at different stages (P7, 14 and 21) was expected (Sanchez 
Vega et al 2013). Handling-induced cannibalism was a limitation in this experiment, as 
monitoring would ideally be performed at earlier ages (P7 and 14), however, this was 
limited to P21 to maximise litter numbers, necessary for further experiments. 
 
Locomotion is a behavioural measure that is known to be affected as a result of both of 
these exposures individually and this finding was validated in the current experiment. 
Furthermore, the combination of both exposures (DVD-PEE) led to increased 
hyperlocomotion at P21, which is a novel finding. Vitamin D is known to have 
neuroprotective qualities (Alexianu et al 1998, Ibi et al 2001), therefore, its absence may 
exacerbate the effects of other exposures (such as PEE) targeting convergent pathways. 
For example, some have investigated vitamin D’s neuroprotective properties as a means 
to attenuate deficits caused by exposure to alcohol (Ngo 2013) and have reported that 
vitamin D is capable of ameliorating motor coordination, learning and memory deficits 
associated with developmental alcohol exposure (Idrus NM 2012), suggesting that the 
absence of vitamin D during critical developmental periods may lead to enhanced effects 
of secondary exposures (i.e. PEE). Another study looking at the combination of 
hypovitaminosis D and the effects of high fat diets on obesity and dopamine-related 
behaviours (Trinko 2013) found a significant increase in weight gain in animals that were 
vitamin D deficient and exposed to a high fat diet (HF-D) compared to those that received 
a full dose of vitamin D 6h prior to exposure to high fat diet (HF+D). Additionally, HF-D 
animals showed attenuated locomotor responses to amphetamine and increased oral 
amphetamine intake in contrast to HF+D animals. This provides evidence on the 
importance of the role vitamin D plays in the penetrance of second hit exposures.  
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2.4.2 Effects of DVD deficiency and PEE on adult behaviour 
 
A significant effect of strain was encountered in novelty-induced locomotor behaviour, 
whereby C57BL/6J were significantly more active than BALB/c regardless of their 
experimental group, which is consistent with previous findings from previous studies 
examining differences between strains (Crawley et al 1997). Locomotion in C57BL/6J and 
BALB/c mice tested in a novel environment (activity monitor) at P70 was not consistent 
with the pattern of behaviour observed at P21. There was a main effect of Diet and of 
Exposure but the synergistic effect encountered at P21 was not found. C57BL/6J mice 
from the Std-PEE and DVD-PEE groups had a decrease in locomotion, which is 
inconsistent with results from previous studies using the same PEE mouse model 
(Sanchez Vega et al 2013, Zhang et al 2015) where adult hyperlocomotion was the main 
finding. However, contradictory results at different ages and from different studies is not 
uncommon. For example, a longitudinal study in rats encountered hyperlocomotion in PEE 
adolescent rats and a shift in direction (hypolocomotion) during adulthood (Bond et al 
1977). Some of the factors that may lead to these differences are 1) repeated testing; mice 
tested for locomotion during prepubescence were also tested as adults. There are a 
number of studies that have shown that repeated handling and testing affects the 
behavioural phenotype of the animals (Gariépy et al 2002). To address this, separate 
cohorts may need to be tested at P21 and at P70. 2) weaning age and housing 
environment: animals from the Zhang (Zhang et al 2015) study were weaned at P21 and 
individually housed in open top cages until adulthood, while those in the current study 
were weaned a week later (P28), and group housed in filtered cages. There is evidence to 
suggest that isolation, different housing environments and noise levels have an impact on 
behaviour and may interfere with the replication of previously observed phenotypes 
(Logge et al 2014). Furthermore, the findings reported in this experiment show that DVD 
deficiency and PEE have a short and long-term effect in locomotor behaviour, and the 
contrasting direction of change may be due to one or a combination of the environmental 
parameters discussed above.      
 
2.4.3 Prenatal exposures and gene expression 
 
The expression of Vglut1-3 was evaluated in adult hippocampal samples from each 
experimental group. While there were no significant effects of Diet or Exposure on 
expression levels of Vglut1 or 3, there was a significant interaction of Strain x Diet x 
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Exposure on the expression of Vglut2. Std-PEE C57BL/6J mice showed a downregulation 
in Vglut2, while Std-PEE and DVD-H2O BALB/c had an increase in Vglut2 expression. 
Previous PEE studies have shown alterations in the epigenetic regulation of Vglut2, which 
affects its adult expression in C57BL/6J mice (Zhang et al 2015). The present findings in 
BALB/c mice are novel. Furthermore, the direction of change in this study are opposite to 
those previously reported, although it is consistent with the behavioural findings discussed 
above. The internal uniformity of these results suggests that housing conditions, for 
example, may have led to the directional change. Given that Vglut2 is developmentally 
regulated, and handling at early stages (P7, P14, P21) can be stressful for pups, stress 
hormones may have interfered with the effects of PEE on the regulation of Vglut2, 
resulting in contradictory results as observed in adulthood. One way to address in future 
studies would be to test the expression of Vglut2 at early developmental stages in PEE 
animals and test a separate cohort during adulthood. Additionally, further work on the 
effects of stress hormones (corticosteroids, altered hypothalamic-pituitary-adrenal (HPA) 
axis) on the epigenetic regulation of Vglut2 would be valuable to better understand their 
relationship.  
 
Expression of Vglut1 and 3 showed greater variability in both strains, while Vglut2 was less 
variable. This may be due to a number of factors, including the expression levels of each 
of these genes in relation to tissue type and age. For example, Vglut3 expression was 
much lower than Vglut2 irrespective of experimental group, this was noted during 
experimental procedures where the average Ct value (reflective of number of PCR cycles 
required for the fluorescent signal to cross the threshold, which denotes a sample as 
‘positive’ or above background) for Vglut3 was high, which may compromise the test’s 
sensitivity and would reduce accuracy. Overall, these findings reiterate previous reports 
showing stable expression of Vglut2 in adult hippocampal tissue compared to Vglut1 and 
3. 
2.4.4 Conclusion 
 
The results obtained from this experiment were an initial step into understanding the 
effects of the combination of DVD deficiency and PEE on brain function and behaviour 
with two main outcomes. Firstly, given that BALB/c mice did not show a clear vulnerability 
compared to C57BL/6J in the recorded measures, the latter was selected to proceed with 
future experiments, considering its well-known genetic background and the availability of 
supporting literature on environmental exposures compared to BALB/c. Secondly, adult 
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behaviour and hippocampal gene expression results were subtle, but suggested 
hippocampal-dependent memory and glutamatergic signalling may be affected as a result 
of DVD deficiency and PEE. Therefore, the aim of the following experiments was to assess 
learning and memory, and probe glutamatergic regulation in adult offspring.  
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Chapter 3. Behavioural phenotype of adult C57BL/6J mice exposed to DVD 
deficiency and PEE. 
 
3.1 Introduction 
 
Vitamin D has been associated with altered cognition in adults. Clinical studies have 
reported significant positive associations between low serum 25(OH)D3 concentrations 
and low scores on tests that evaluate global cognitive function such as Mini Mental State 
Examination (MMSE), Clinical Dementia Rating (CDR) and Short Blessed Test (SBT) 
(Przybelski et al 2008, Wilkins et al 2006). However, findings have not been consistent 
across studies, for example, a systematic review found three studies showing positive 
associations between serum 25(OH)D3 concentrations and global cognitive functions, and 
three other studies where 11 non-significant associations with specific aspects of cognition 
were found. (Annweiler et al 2009). The inconsistencies found in these studies are likely 
due to methodology heterogeneity and lack of control of confounders. For this reason, 
animal models have been a useful tool to investigate the association of vitamin D 
deficiency with adult behaviour, as experimental conditions can be controlled, thereby 
reducing the number of confounding factors. 
 
DVD deficiency in mice has been shown to affect long-term behaviour in a strain-
dependent manner. Spontaneous hyperlocomotion was found in 129/Svj mice, but not in 
C57BL/6J mice, and increased exploration in both strains, as measured by the frequency 
of head dipping on the hole board test (Harms et al 2008a). With regards to cognition, 
impairments in hippocampal-dependent memory in adult DVD-deficient C57BL/6J mice 
have been reported in a learning test based on olfactory cues (Fernandes de Abreu et al 
2010). Subtle alterations in response inhibition were found in C57BL/6J DVD-deficient 
mice during the 5-choice continuous performance test, which suggests DVD deficiency 
may disrupt systems specific for compulsive or reward-seeking behaviours (Harms et al 
2012b). 
 
The effects of DVD deficiency on the regulation of glutamate and dopamine systems has 
been previously assessed via pharmacological investigations, using psychomimetic drugs 
such as MK-801 and amphetamine, where hyperlocomotor response is used as a 
behavioural readout. MK-801 response was not affected by DVD deficiency in C57BL/6J 
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or 129X1/Svj mice, while sensitivity to amphetamine was altered in 129X1/Svj mice, where 
males showed enhanced sensitivity and females a reduced locomotor response (Harms et 
al 2012a). By contrast, DVD deficiency resulted in increased MK-801-induced 
hyperlocomotion in male rats (Kesby et al 2006), and enhanced amphetamine sensitivity in 
female rats (Kesby et al 2010), which suggests that this response is dependent on 
background strain, species and sex. 
 
Similar to findings from DVD deficiency studies, the effects of PEE on adult behaviour are 
also influenced by a number of factors including species, background strain, dosage and 
timing of exposure. It is widely accepted that exposure to high doses of ethanol has long-
lasting detrimental effects on brain development and behaviour (locomotion (Becker et al 
1989), sociability and learning and memory (Marquardt et al 2016)), whereas the effects of 
moderate doses are not fully understood, even though structural and behavioural defects 
have been shown in humans (Sood et al 2001) and animal models (for example Brolese et 
al (2014), Hamilton et al (2014)). Furthermore, the hippocampus is one of the areas of the 
brain that are most vulnerable to the effects of ethanol (Guerri 2002), and moderate PEE 
has been shown to enhance the performance of PEE male mice in the MWM (Sanchez 
Vega et al 2013) or have no effect in rats (Cullen et al 2013).  
 
High doses of ethanol exposure have been shown to induce alterations in glutamatergic 
signalling, along with disruptions in hippocampal synaptic plasticity, including dysregulation 
of Vglut1, Vglut2, complexin 1, various NMDA receptor subunits and EAAT1 and 3 
(Kaminen-Ahola et al 2010b, Naassila et al 2002, Zhang et al 2015, Zink et al 2009, Zink 
et al 2011). Moreover, a study in zebra fish showed that ethanol exposure at various doses 
impaired cerebral glutamate transport in adult fish, contributing to long-term alterations in 
the homeostasis of glutamatergic signalling (Baggio et al 2017). Another study in rats 
showed that PEE treatment significantly decreased the number of [3H]MK-801 binding 
sites (NR2A subunits) (Vallés et al 1995), which may be associated with the cognitive 
deficits observed in PEE rats.  
 
Considering the subtle behavioural effects resulting from DVD deficiency and moderate 
PEE, the aim of this chapter was to study whether the combination of both exposures 
would result in a more prominent behavioural phenotype, focusing on locomotion and 
hippocampal-dependent learning and memory, and by a psychomimetic challenge using 
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the non-competitive NMDA antagonist MK-801 to probe the regulation of glutamatergic 
signalling.  
 
3.2 Materials and methods 
 
3.2.1 Animals, housing and exposures 
 
Forty adult male and 60 four-week old female C57BL/6J mice were purchased (ARC, 
Perth, WA) and housed as described in section 2.2.1. The first 20 sires were used 
throughout the first two waves to reduce variability from different sires and the second 
group of 20 was used with the last cohort of females. Dams were randomly allocated to 
one of four experimental groups (Std-H2O; Std-PEE; DVD-H2O; DVD, PEE) following diet 
and exposure methods described in section 2.2.2 and 2.2.3. 
 
3.2.2 Adult locomotion 
 
Each mouse was placed in a clear open field (27.5 x 27.5 x 30cm, Med Associates Inc, 
USA) within a sound attenuated chamber and activity levels were recorded for 30 min. The 
light level was set at 18 lux. As a measure of spontaneous activity, distance travelled was 
calculated using activity monitor tracking software based on beam breaks from three 16 
beam infrared arrays and was sampled in 1 min time bins (Walsh et al 1976). 
 
 
Figure 3.1. Picture of open field arena (activity monitor). 
 
  
A
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3.2.3 Active place avoidance (APA) 
 
The active place avoidance (APA) task is a hippocampus-dependent spatial learning task 
(Cimadevilla et al 2001, Wesierska et al 2005). The apparatus (Bio-Signal Group) 
consisted of an elevated arena with a grid floor fenced with a 32-cm-high transparent 
circular boundary (enclosed arena diameter 77 cm), located in a room with visual cues on 
the walls. The arena rotated counter clockwise (1 rpm) and an electric shock could be 
delivered through the grid floor, which also rotated. The position of the animal in the arena 
was tracked using an overhead camera linked to Tracker software (Bio-Signal Group). 
During trials, a mouse was placed in the arena and trained to avoid a 60° shock zone, the 
positioning of which was kept constant (i.e., did not rotate) in relation to the room 
coordinates; the mouse's “start” position was always near the wall on the side of the arena 
opposite the shock zone. Entrance into the shock zone led to the delivery of a brief foot 
shock (500 ms, 60 Hz, 0.5 mA). If, after the initial shock, the animal remained in the shock 
zone, further shocks were delivered at 1.5 s intervals until the animal moved out of the 
zone. Each training session lasted 10 min (habituation sessions were 5 min long), and 
recorded tracks were analysed offline using Track Analysis software (Bio-Signal Group). 
Mice were habituated to the training environment 24 h before the initial experiment (i.e., a 
mouse was placed in the rotating arena with the shock turned off and allowed to explore 
the arena for 5 min). 
 
 
Figure 3.2. Active Place Avoidance. 
Picture of the APA testing arena. (B) Spatial cues used on each wall surrounding the testing arena.  
 41 
3.2.4 MK-801 locomotor response 
 
The drug used to assess psychomimetic-induced hyperlocomotion was MK-801 (Sigma, 
MO, USA). It was diluted to a concentration of 0.1 mg/ml in 0/9% SAL. Stock solutions 
were stored at -20C. Mice were given intraperitoneal injections at a volume of 5 ml/kg, 
resulting in a dose of 0.5 mg/kg MK-801. This dose was based on other studies and 
typically elicits a high locomotor response in mice, with little impact from stereotypic or 
ataxic behaviours (van den Buuse 2009, Wu et al 2005). 0.9% SAL was used as vehicle, 
injected at a volume of 5 ml/kg. Each mouse had its own vehicle/SAL control, so that the 
baseline level of locomotion for each animal was used to control for drug-induced 
locomotion. 
 
On the day of testing, mice were transported into the behavioural testing room, weighed 
and habituated to the testing room for at least an hour before testing. Mice were 
habituated to the activity monitor testing arena for 30 min. Mice were then injected I.P. with 
SAL and placed back in the activity monitor for a further 30 min. Lastly, mice were injected 
I.P. with 0.5 mg/kg MK-801 and placed in the activity monitor for 120 min. 
 
3.2.5 Statistical Analysis 
 
Results were analysed for statistical significance using the SPSS statistics software 
package (ver. 24, SPSS Inc., Chicago, Illinois). Where no significant Group x Sex 
interactions were encountered, data were presented pooled for sex. Data were analysed 
using ANOVA and, where appropriate, repeated measures were used. Student’s t-test was 
used to assess the difference between two groups. Associations between behavioural 
results and gene expression levels were performed using non-linear regression. A p value 
of 0.05 or less was considered to be statistically significant. 
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3.3 Results 
 
3.3.1 Adult locomotion 
 
Novelty-induced locomotion was evaluated from a total of 112 adult mice (61 from Wave 4 
and 51 from Wave 5) representing all groups (DVD-PEE: 15 males, 12 females; DVD- 
H2O: 18 males, 21 females; Std-PEE: 16 males, 10 females; Std- H2O: 8 males, 12 
females) in an activity monitor for 30min. There was a significant main effect of Sex, 
whereby males were more active than females (F1,108= 6.8, p=0.011; Fig. 3.3). There was 
also a significant main effect of Exposure, whereby PEE animals travelled less distance 
compared to those from the water groups (F1,108= 11.7, p=0.001; Fig. 3.3) across the 
30min trial, and a significant interaction of Diet x Exposure (F1,108= 4.01, p=0.048). The 
pattern of behaviour was similar in males and females; however, independent sample t-
test (Dunnett’s test) comparing Std-H2O to each exposure group, split by sex, revealed 
that only male PEE mice were significantly hypoactive compared to controls (t=3.510, 
df=8.904, p=0.007, Fig. 3.3 A), while the activity levels in PEE females did not reach 
significance (t=2.01, df=20, p=0.052, Fig. 3.3 B).  
 
  
 
 
 
Figure 3.3. Locomotion during early adulthood (P70). 
 
Locomotion in C57Bl/6J mice during adulthood (P70). (A) Std-PEE males were significantly 
hypoactive compared to controls (Std-H2O). Males from the DVD H2O or the DVD-PEE did not 
show significantly altered locomotion. (B) There was no significant effect of Diet or Exposure in 
females. Data are presented as mean ± SEM. * p< 0.05 between control and Std-PEE male mice. 
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3.3.2 Active place avoidance 
 
All animals learned the task across a 4-day protocol at P71-75. Animals from all groups 
learned to avoid the shock zone using spatial cues placed in the room, which was shown 
by a progressive decrease in total shocks received and therefore an increase in time spent 
outside the shock area, therefore, there was a main effect of Day on the number of shocks 
received (F1,108=58.2, p=0.000). No significant effect of Diet, Exposure or Sex was 
detected in any of the parameters assessed in this task, including latency to first shock, 
total number of shocks per trial, total path, speed, maximum time avoiding the shock zone 
and time to second entry into shock zone (Males Fig. 3.4A-F; Females Fig. 3.5A-F). 
 
A subset of males from all experimental Groups (n=8/Group) were tested at older age 
(P210) in the same task, using different visual cues. The task was acquired by all animals, 
shown as a significant effect of Day in the time spent avoiding the shock zone 
(F1,28=213.9, p=0.000) and in the number of shocks received (F1,108=94.1, p=0.000). There 
was no significant effect of Diet or Exposure in any of the parameters measured in this 
task, as described above (Fig. 3.6A-F)
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Figure 3.4. Spatial memory in the APA test in adult male mice. 
Male mice from all groups progressively learned to avoid the shock zone, demonstrated by the increase in time to first shock and by the reduction in 
total number of shocks received in males (A, B). Other parameters measured included total path (C), speed (D), max. time avoiding shock zone (E) 
and time to second entry (F). No significant effect of Diet or Exposure was found across the four-day task. Data presented as mean  SEM. 
 
 
 
 
 
 
 46 
 
 
 
Day 1 Day 2 Day 3 Day 4
0
100
200
300
T
im
e
 t
o
 f
ir
s
t 
s
h
o
c
k
A
Day 1 Day 2 Day 3 Day 4
4.0
4.5
5.0
5.5
6.0
6.5
7.0
S
p
e
e
d
 (
c
m
/s
)
D
Day 1 Day 2 Day 3 Day 4
0
5
10
15
N
o
. 
o
f 
S
h
o
c
k
s
P70 Females
B
Day 1 Day 2 Day 3 Day 4
0
100
200
300
400
M
a
x
. 
T
im
e
 A
v
o
id
 (
s
)
E
Day 1 Day 2 Day 3 Day 4
25
30
35
40
45
T
o
ta
l 
P
a
th
 (
c
m
)
C
DVD-PEE
DVD-H2O
Std-PEE
Std-H2O
Day 1 Day 2 Day 3 Day 4
0
100
200
300
400
T
im
e
 t
o
 S
e
c
o
n
d
 E
n
tr
y
 (
s
)
F
 47 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5. Spatial memory in the APA test in adult female mice. 
Female mice from all groups progressively learned to avoid the shock zone, demonstrated by the increase in time to first shock and by the reduction 
in total number of shocks received in males (A, B). Other parameters measured included total path (C), speed (D), max. time avoiding shock zone (E) 
and time to second entry (F). No significant effect of Diet or Exposure was found across the four-day task. Data presented as mean  SEM. 
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Figure 3.6. Spatial memory in the APA test in older adult male mice. 
Males from all groups were re-trained at older age, all mice progressively learned to avoid the shock zone, demonstrated by the increase in time to 
first shock and by the reduction in total number of shocks received (A, B). No significant effect of Diet or Exposure was found across the four-day task 
on any of the parameters assessed (A-F). Data presented as mean  SEM.
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3.3.3 Psychomimetic-induced locomotion  
 
Adult male offspring were treated with MK-801 and locomotor response was assessed. 
Mice from all Groups habituated to the activity monitor (baseline activity), there was a 
slight increase in activity post-SAL injection, which was normalized (back to baseline) 
within 30min, and further hyperlocomotion was found upon MK-801 injection. Data was 
analysed in six 30min blocks, split into six 5min bins each; block 1 corresponds to the 
30min habituation trial, block 2 to SAL trial and blocks 3-6 to MK-801 response. There was 
a significant effect of Block (F5,24=56.74, p<0.001) and Bin (F5,24=11.22, p<0.001), whereas 
Diet or Exposure had no significant effect on the locomotor response of C57BL/6J mice to 
MK-801 (Diet effect F1,28= 0.134, p=0.71; Fig. 13; Exposure effect F1,28=0.547, p=0.46), 
and there were no significant interactions between Diet and Exposure (F1,28=1.551, 
p=0.22, Fig. 3.7). Hyperlocomotor response to MK-801 was also analysed at peak activity, 
which in this case was 60min post MK-801 administration. Results showed no significant 
main effects of Diet (F1,28= 0.005, p=0.944), Exposure (F1,28= 1.223, p=0.274) or 
DietxExposure (F1,28.739, p=0.397) during this time point either. 
 
 
 
Figure 3.7. MK-801 hyperlocomotor response in adult male mice. 
There was no significant effect of Diet or Exposure in MK-801 induced hyperlocomotion in 
C57BL/6J males. Data presented as locomotor response including 30min habituation to activity 
monitor (-60 to -30min), 30min post-saline administration (-30 to 0min) and 120min post MK-801 IP 
injection (0-120min), for males of all Groups.  
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3.4 Discussion 
 
The findings from this experimental chapter provide no evidence to suggest that DVD 
deficiency and PEE act upon convergent pathways that result in exacerbated alterations 
regarding adult behaviours relevant to hippocampal-dependent learning and memory and 
glutamatergic signalling. Furthermore, results from this study showed: 1) hypolocomotion 
in Std-PEE adult males, 2) unaffected learning and memory performance all Groups at 
P70 or in males at P210, and 3) unchanged response to MK-801 of male offspring as a 
result of Diet or Exposure. 
 
Table 3.1. Summary of Behavioural Phenotype in Adult Offspring. 
 
Test DVD- H2O Std-PEE DVD-PEE 
 ♂ ♀ ♂ ♀ ♂ ♀ 
Locomotion - -  - - - 
Learning and 
memory 
- - - - - - 
Psychomimetic 
response 
- - - - - - 
 
 
 
3.4.1 Effects of DVD deficiency and PEE on adult locomotion 
 
Consistent with (Harms et al 2008a), the present study showed that DVD deficiency did 
not affect adult locomotion in response to novelty, while PEE resulted in hypoactivity, 
which is in agreement with findings from the previous chapter (Chapter 2) using a separate 
cohort and with a different study using the same model of exposure (Zhang 2013). The 
combination of DVD deficiency and PEE did not result in an exacerbated phenotype as 
hypothesised. On the contrary, the activity levels were comparable to controls in the DVD-
PEE group, suggesting these exposures did not act upon convergent pathways. The 
hypoactivity found in PEE males may reflect alterations in glutamate regulation, given that 
ethanol exposure has been previously shown to dysregulate the expression of NMDA 
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receptor subunits (Zink et al 2011) as well as glutamate transporters in the hippocampus 
of male adult mice (Zhang et al 2015). 
 
3.4.2 Effects of DVD deficiency and PEE on learning and memory 
 
There were no alterations in learning and memory as measured by the active place 
avoidance in adult animals exposed to DVD deficiency or PEE. This is the first study to 
use the APA task to asses hippocampal-dependent learning and memory using these 
developmental exposures, and there are no previous data with which to compare these 
results. A study in mice found impaired learning in a hippocampal-dependent task based 
on olfactory cues at 30 weeks of age, where DVD-deficient mice made significantly less 
correct responses on the last day (5) of training compared to controls (Fernandes de 
Abreu et al 2010). Meanwhile, a study in DVD-deficient rats reported very subtle 
alterations in learning and memory, showing an impairment of latent inhibition, whereas 
spatial learning (Y maze) or two-way active avoidance learning remained unaffected 
(Becker et al 2005).  
 
With regards to ethanol exposure, learning and memory was altered in humans and rats 
(Mattson et al 1999), particularly with high doses of ethanol. However, the effects of 
moderate levels of exposure are not as consistent; a previous study in rats found no 
alterations in the MWM (Cullen et al 2013), while another study in mice showed an 
enhanced performance in PEE males using the same task (Sanchez Vega et al 2013). 
Moreover, the results from the present study showed no effects of PEE, even though the 
same model of exposure was used. The discrepancy between these results may be due to 
the differing nature of the tasks, where the MWM induces high levels of stress and 
requires a significant amount of motor activity (swimming), while the APA requires 
locomotion but does not have the added stress of swimming (Lesburguères et al 2016); 
perhaps the credit found in ethanol-exposed animals in the MWM was driven by stress and 
not particularly due to superior learning skills, while the settings on the APA were not 
challenging enough to uncover an impairment. If the test was to be repeated, the shock 
strength could be lowered (to reduce stress-driven performance), the shock zone could be 
smaller and spatial cues shuffled on each day of testing. Studies comparing the MWM and 
APA have reported inconsistent findings across tasks, some arguing the APA is a more 
sensitive spatial learning task than the MWM (Lobellova et al 2013), while others suggest 
the opposite (Stuchlik et al 2004).  
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As previously mentioned, a study on DVD-deficient mice reported significant hippocampal 
loss in older mice, along with impaired learning and memory, which suggested the effects 
of DVD deficiency may be more prominent as animals age (Fernandes de Abreu et al 
2010). In addition, a study focusing on the effects of early stress (ES) on hippocampal-
dependent memory reported biphasic changes in performance in the MWM. Young adult 
ES rats displayed enhanced hippocampal-dependent memory compared to controls, while 
the opposite was found in middle aged ES rats (Suri et al 2013). Therefore, in the current 
study, males from both DVD and PEE groups were re-trained in the APA at P210, 
however, animals from all groups were able to learn the task, suggesting the impact of 
both exposures was not exacerbated with increasing age.  
 
3.4.3 Effects of DVD deficiency and PEE on psychomimetic-induced 
locomotion 
 
MK-801, a non-competitive NMDA receptor antagonist, was used to challenge 
glutamatergic signalling in adult males. There was a significant effect of Exposure in 
locomotion during the habituation period, which is consistent with results from our previous 
experiment, showing Std-PEE males were hypoactive compared to controls. Nevertheless, 
there was no significant effect of Diet or Exposure on the hyperlocomotor response 
observed after MK-801 administration, which suggests that changes observed in the 
baseline activity levels of PEE may not be due to aberrant glutamatergic regulation but 
rather a different neurotransmitter signalling pathway that can also influence locomotor 
response, such as GABA. Multiple studies have reported alterations in the GABA system 
of adult offspring exposed to single or multiple doses of ethanol during development, 
however, the underlying mechanisms for GABA dysregulation and altered behaviour are 
not known (Valenzuela et al 2011). A single ethanol dose during GD8 resulted in elevated 
levels of 5 GABAA in the brains of adult mice (Toso et al 2006, Webster et al 1983). 
Additionally, repeated exposure to high ethanol concentrations throughout pregnancy has 
been shown to induce persistent alterations in GABA transmission and increased levels of 
GABAA receptor subunits in the cortex and hippocampus of adult guinea pigs (Bailey et al 
2001). This evidence suggests GABAergic signalling is another potential neurotransmitter 
system of interest in relation to PEE and its long-term behavioural effects, and this should 
be investigated in future studies. 
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3.4.4 Conclusion 
 
The main findings from this chapter do not support the hypothesis that DVD deficiency 
exacerbates the effects of PEE on adult behaviour. In summary, the results obtained in 
this experiment showed that PEE alone has an effect on male adult locomotion, while DVD 
deficiency, PEE or their combination resulted in no significant dysregulation of adult 
hippocampal-dependent learning and memory or psychomimetic-induced locomotion. The 
locomotor finding on PEE males was consistent with previous literature, where PEE 
resulted in altered activity levels (Kleiber et al 2011, Zhang 2013). However, a number of 
findings were not consistent with previous literature, or as hypothesized, including the 
effects of DVD and PEE on learning and memory and the locomotor response to MK-801. 
This may be due to differences in experimental settings compared to previous studies, 
such as housing conditions and repetitive handling, or due to technical inconsistencies, 
such as the efficacy of dietary manipulation, or ethanol consumption. 
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Chapter 4. Interaction of DVD deficiency and PEE on maternal metabolism 
and neonatal gene and protein expression. 
 
4.1 Foreword 
 
This chapter consists of two studies. The first study considers metabolism of ethanol in 
vitamin D deplete and control dams to study whether maternal vitamin D status interferes 
with the dams’ efficiency to metabolise ethanol, which would affect the level of exposure in 
the offspring. The second study examined brain tissue from offspring on the day of birth for 
broad screening of gene and protein expression. This is a crucial time point to assess the 
effects of DVD deficiency and PEE because it occurs prior to vitamin D reintroduction and 
excludes potential postnatal confounding factors, such as maternal care and housing 
conditions.   
 
4.2 Influence of maternal vitamin D status on alcohol metabolism 
 
4.2.1 Introduction 
 
Multiple studies in humans have reported that one of the side effects from chronic alcohol 
exposure is vitamin D deficiency, as the toxic effects of alcohol impairs vitamin D/calcium 
homeostasis and results in decreased bone mineral density (Laitinen et al 1991, Mercer et 
al 2012, Sampson 1997). Moreover, alcohol metabolism is taxing on the liver, which also 
metabolises vitamin D to its active form. However, to the best of my knowledge there are 
no studies looking at the reverse situation, metabolism of alcohol in vitamin D deficient 
patients. 
 
Vitamin D is synthesized from 7-dehydrocholesterol within the skin via UVB radiation. The 
amount of synthesis is dependent on a number of factors including season, latitude, skin 
pigmentation, age, time spent outdoors, sunscreen use and type of attire worn during 
exposure to sunlight (Chen et al 2007, Holick 1995). The conversion of 7-
dehydrocholesterol in the skin of humans and animals, forms vitamin D3 (Lehmann et al 
2010). Vitamin D is converted to its biologically active form via two enzymatic steps, the 
first of which occurs in the liver. Vitamin D is hydroxylated to 25(OH)D3 via either the 
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microsomal (CYP2R1) or the mitochondrial (CYP24A1) P450 25-hydroxylase enzymes 
(Schuster 2011). 25(OH)D3 is then converted to the biologically active, 1,25-
dihydroxyvitamin D (1,25(OH)2D3) in the kidney via 1α-hydroxylase (CYP27B1). 1α-
hydroxylase is tightly controlled via feedback mechanisms from parathyroid hormone, 
calcium, phosphate, calcitonin, fibroblast growth factor 23, and vitamin D itself (Lehmann 
et al 2010). 
 
Alcohol dehydrogenase (ADH) and cytochrome P450 are the major enzyme systems 
responsible for the oxidation of ethanol, and they are both present to the largest extent in 
the liver (Khanna et al 1980). Even though ethanol is a nutrient and has a caloric value, it 
cannot be stored and utilized in the same way as carbohydrates and lipids, therefore it 
remains in body water until eliminated. Additionally, unlike major nutrient metabolism, 
alcohol is under little to no hormonal control, therefore, its oxidation takes preference over 
other nutrients, putting the liver under a major burden to oxidize alcohol for elimination 
from the body (Zakhari 2006). Furthermore, the rate of alcohol metabolism is faster in 
animals with small body weight compared with larger animals. For example, mice 
metabolise alcohol 5 times faster than humans. These alcohol metabolism rates are 
correlated with the basal metabolic rate for each species (Addolorato et al 1997, Lands 
1995, Lieber 1991, Morgan et al 1988, Salaspuro et al 1978). Alcohol elimination rates in 
very young animals are low because ADH and CYP2E1 are not fully expressed, which 
means that the foetal liver does not have an efficient alcohol elimination rate and may 
have detrimental consequences (such as FASD).   
 
Therefore, the main aim of this study was to analyse whether maternal ethanol metabolism 
was altered in vitamin D deficient dams, whereby the absence of vitamin D during ethanol 
exposure interfered with the ethanol exposure, which may explain the diminished effect 
seen in the DVD-PEE group compared to Std-PEE in the previous chapter.  
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4.2.2 Materials and methods 
 
4.2.2.1 Animals, housing and exposures 
 
Twenty adult male and 40 four-week old female C57BL/6J mice were purchased (ARC, 
Perth, WA) and housed as described in section 2.2.1. The same sires were used 
throughout the two cohorts of females to reduce variability from different sires. Dams were 
randomly allocated to one of four experimental groups (Std-H2O; Std-PEE; DVD-H2O; 
DVD, PEE) following diet and exposure methods described in section 2.2.2 and 2.2.3. 
 
4.2.2.2 Maternal blood sampling and tissue collection 
 
Body weight measurements were recorded and terminal blood samples were collected 
from two waves of dams (20 dams each) using a 25-gauge needle and a 1ml syringe via 
cardiac puncture in the morning of the last ethanol-consumption day (GD8). Blood 
samples were centrifuged at 5000rpm for 10min to obtain sera, which was then kept frozen 
at -80C until time of experiment. Liver tissues were retrieved immediately after blood 
collection and snap frozen until further analyses. The second wave of dams (20 females) 
underwent an oral gavage of 10% ethanol solution 30min prior to terminal bleed to provide 
a positive control for ethanol exposure versus voluntary drinking volumes. 
 
4.2.2.3 Maternal serum 25(OH)D levels 
 
Sera collected from all dams from Waves 1 and 2 (n=20/Diet) was used to measure the 
levels of 25(OH)D via liquid chromatography-tandem mass spectrometry on a 4000 QTrap 
API AB mass spectrometer using a previously described procedure for assaying dried 
neonatal blood spots (Kvaskoff et al 2016, Kvaskoff et al 2012). 
    
4.2.2.4 Maternal blood alcohol concentration (BAC) determination 
 
Maternal blood ethanol content resulting from self-administration of a 10% ethanol in water 
solution or water only was determined enzymatically. Serum samples were mixed with an 
alcohol reagent (A7504-39; Pointe Scientific) and assayed immediately using a 
spectrophotometer (CLARIOstar plate reader, BMG Labtech) at 340nmwavelength. Blood 
ethanol standards were created by mixing alcohol standard (104 mg/dl) with alcohol 
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reagent and immediately assayed. Each sample was analysed in duplicate and 
experimental samples were compared against a standard curve established by mixing 
alcohol standard with various ethanol concentrations (0%, 0.025%, 0.05%, 0.1%) to 
determine blood ethanol concentrations. Control (Std-H2O) dams were used as negative 
controls. Differences in BAC between ethanol-treated and control dams were analysed 
using a t-test. Statistical significance was set at p < 0.05. Ethanol concentration was 
calculated using the following formula: 
 
Ethanol concentration (mg/dL)= (
Abs sample
Abs Standard
×[Standard])×-1 
 
4.2.2.5 Alcohol dehydrogenase (ADH) levels in maternal liver tissue 
 
Liver tissue samples from a total of 40 dams (15 DVD-PEE, 15 Std-PEE, 5 DVD- H2O, 5 
Std- H2O) were prepared according to the manufacturer’s instructions (Sigma Aldrich 
MAK053-1KT) and assayed in a 96-well plate. Briefly, samples were homogenized in ADH 
assay buffer, then diluted to fit within the linear range of the standard curve (made up of 
multiple dilutions of a 1mM NADH standard solution). Reaction mixes were set up by 
combining ADH assay buffer, developer and 2M ethanol and adding that to 50ul of diluted 
sample. Plates were incubated at 37C and absorbance was read every 5min at 450 nm. 
ADH activity was calculated using the equation: ADH Activity= (B x Sample Dilution 
Factor)/(reaction time x V), where B was the amount (nmole) of NADH generated between 
the initial and final read, and V was the sample volume (ml) added to well. ADH activity 
was reported as nmole/min/ml= milliunit/ml 
 
4.2.3 Results 
 
4.2.3.1 Maternal body weight and serum 25(OH)D levels  
 
Body weight assessment showed that there was no significant effect of Diet (F1,34= 1.01, 
p=0.32, Fig. 4.1 A) or Exposure (F1,34= 1.78, p=0.19, Fig. 4.1 A) on this measure. Serum 
vitamin D levels were measured in dams from two separate cohorts. There was a 
significant difference in 25(OH)D levels between Std and DVD groups, irrespective of 
Exposure (H2O or PEE) (F1,34= 157.48, p<0.0001, Fig. 4.1 B), whereby dams on the 
Standard diet had significantly higher levels of vitamin D compared to those from the 
Deplete diet group.  
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Figure 4.1. Maternal body weight and serum 25(OH)D levels 
(A) There was no significant effect of Diet or Exposure in maternal body weight, recorded at 
8.5dpc. (B) Levels of 25(OH)D were assayed using dam sera. A significant effect of Diet was 
found, showing dams on Std diet had significantly higher levels of vitamin D compared to those 
from the deplete group. Data presented as mean  SEM, *p<0.05 (n=10/Group). 
 
4.2.3.2 Maternal blood alcohol concentration 
 
The concentration of alcohol was measured in a total of 28 dams at GD8. Half of the dams 
received an acute dose of 10% ethanol (via oral gavage) 30min prior to blood collection to 
use as positive control, in case dams had not drank from their bottles shortly before blood 
sampling. There was a significant effect of Gavage, whereby dams who received acute 
alcohol administration had a significantly higher blood alcohol concentration (BAC) than 
those in the non-gavage group (F1,27= 41.939, p<0.0001, Fig. 4.2). There was no 
significant effect of Diet in BAC (F1,27=0.98, p=0.33). 
 
  
0
5
10
15
20
25
W
e
ig
h
t 
(g
)
Maternal body weight  (8.5dpc)
A
0
20
40
60
80
100
S
e
ru
m
 [
2
5
O
H
D
] 
(n
M
)
Maternal vitamin D levels
* *
Std-H2O
DVD-H2O
Std-PEE
DVD-PEE
B
 61 
  
 
Figure 4.2. Blood alcohol concentration in dams at GD8. 
Dam serum was used to measure the concentration of alcohol on the last day of ethanol exposure. 
No significant effect of Diet was found on this measure. Dams that received an acute dose of 10% 
ethanol 30min prior to blood collection showed a significantly higher concentration of ethanol 
compared to those form the ad-libitum groups. (n>6/Group). 
 
4.2.3.3 Maternal liver Alcohol Dehydrogenase levels  
 
Liver tissue collected from 35 dams at GD8 was prepared for measuring total levels of 
ADH. No significant effect of Diet (F1,34=1.89, p=0.18) or Gavage (F1,34=2.341, p=0.14) 
was found for this measure (Fig. 4.3).  
 
 
 
Figure 4.3. Liver ADH levels in dams at GD8. 
ADH levels were measured in maternal liver tissue collected on the last day of ethanol exposure 
(GD8). No significant effect of Diet or Gavage were found on this measure (n>8/Group). 
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4.2.4 Discussion  
 
The aim of this study was to test the potential interaction between maternal vitamin D 
status and exposure to ethanol. The main result was that blood alcohol concentration and 
ADH levels were not affected by Diet. Furthermore, vitamin D levels were assayed and a 
significant main effect of Diet (Standard vs Deplete) was found, which served to confirm 
vitamin D deficiency in the DVD group. The blood alcohol concentration assay revealed 
that while there was an effect of gavage (acute dose used as positive control) versus 
voluntary drinking, there was no effect of Diet for this measure. Additionally, no Diet x 
Gavage interaction was found, suggesting that the levels of vitamin D during ethanol 
exposure did not interfere with the effects induced by ethanol exposure in the offspring.  
 
ADH is one of the major enzyme systems in the liver responsible for oxidation of ethanol 
(Theorell et al 1961). It was hypothesized that exposure to ethanol would result in 
increased levels of ADH. However, there was no significant effect of Diet or Gavage on 
ADH levels. ADH is an enzyme family that, while traditionally associated with ethanol 
metabolism, has also been shown to participate in retinoid metabolism (important for 
retinoic acid synthesis from vitamin A) (Duester 1998). Furthermore, ADH has four 
isoforms (ADH I-IV) with different substrate preference. For example, ADH-IV has been 
shown to prefer retinol as a substrate over ethanol and ADH-I prefers ethanol. However, it 
has also been shown that in the presence of excess ethanol, retinol metabolism can be 
competitively inhibited, whereby ADH isoforms that traditionally prefer retinol would 
prioritise ethanol metabolism (Duester 1998). The unchanged levels of ADH found in this 
experiment could be due to the lack of specificity of the assay to detect levels of individual 
isoforms of ADH and their activity, which may indicate compensatory mechanisms such as 
the recruitment of added ADH isoforms to oxidise ethanol. Nevertheless, a previous study 
reported a significant increase in liver weights and in microsomal aniline hydroxylase 
activity, but no alterations in ADH levels following chronic ethanol administration in 
C57BL/6J (Kishimoto et al 1995). Liver weights were not measured in this experiment; 
however, body weight would have also been greater in dams with enlarged liver, and 
results showed no significant effect of Diet or Exposure in body weight, measured 
immediately prior to blood and liver tissue collection. Future experiments would need to 
independently replicate the findings from this experiment, taking into account liver weights 
and ADH isoforms, although the main finding is consistent with a lack of effect of DVD 
deficiency on ethanol metabolism. 
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4.3 DVD deficiency and PEE on gene and protein expression 
  
4.3.1 Introduction 
 
Vitamin D is able to regulate gene expression by binding and forming a complex with its 
receptor (VDR). The complex then heterodimerizes with the retinoid X receptor (RXR), 
binds to vitamin D response elements (VDREs) located in the promoter region of target 
genes and in conjunction with coactivators, affects target gene transcription (Christakos et 
al 2007). This in turn can alter thereby altering molecular processes including cell 
proliferation and apoptosis (Brown et al 2003, Cui et al 2010, Ko et al 2004, Neveu et al 
1994, Wion et al 1991). In rat studies, DVD deficiency has been associated with changes 
in mitosis, apoptosis, dopamine regulation and gene expression in neonatal brain tissue 
(Eyles et al 2003). The expression of proteins known to be altered in neuropsychiatric 
disorders, such as schizophrenia, has also been shown to be dysregulated by DVD 
deficiency in adult rats (Almeras et al 2007). For example, reelin and neuregulin pathways 
were altered by DVD deficiency in the neonatal C57BL/6J mouse forebrain (Harms 2011), 
while brain-derived neurotrophic factor (Bdnf), transforming growth factor- β1 (Tgf-β1), 
forkhead box protein P2 (FoxP2) and tyrosine hydroxylase (TH) were dysregulated in 
DVD-deficient BALB/c embryos (Hawes et al 2015), which supports previous findings 
suggesting that DVD deficiency leads to alterations in the expression of transcription 
factors important for neurite outgrowth, neuronal survival and dopamine synthesis (Tesic 
et al 2015). 
 
Another action of vitamin D within the brain is associated with calcium signalling. There is 
evidence to suggest that the effects of vitamin D on Ca2+ occur via both genomic and non-
genomic actions (Eyles et al 2007, Nemere et al 2012, Zanatta et al 2012). Vitamin D can 
reduce calcium levels by modulating L-type voltage-gated calcium channels (L-VGCCs), 
which occurs by multiple mechanisms. For example, L-type voltage-sensitive calcium 
channel (L-VSCC)-A1C subunit mRNA and protein are downregulated via VDR 
mechanisms (Gezen-Ak et al 2011), while L-VSCC-A1D subunit mRNA can be 
downregulated with vitamin D treatment, however it is not mediated by VDR (Gezen-Ak et 
al 2011). Studies in vitamin D-deficient mice have shown upregulation of L-VGCCs, which 
lead to increased Ca2+ influx (Zhu et al 2012). Moreover, vitamin D has also been shown to 
regulate the expression of calcium-binding proteins, parvalbumin and calbindin D28k 
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(Dursun et al 2011, Van Cromphaut et al 2001), as well as proteins involved in Ca2+ 
homeostasis (Eyles et al 2007).  
 
There is evidence to show that prenatal ethanol exposure may disrupt important biological 
processes, such as increasing cell death (Cartwright et al 1998, Wang et al 2010), 
reducing proliferation (Jing et al 2004), diminishing glucose metabolism (Singh et al 1989), 
and disrupting both cell-cell adhesion (Ramanathan et al 1996) and gene transcription. 
Transcriptional changes have been shown to affect numerous signalling cascades critical 
for normal development, such as the sonic hedgehog signalling cascade (Ahlgren et al 
2002, Li et al 2007, Vangipuram et al 2012), the Wnt/B catenin signalling pathway 
(Serrano et al 2010, Tong et al 2013, Vangipuram et al 2012) and the Notch signalling 
pathway (Sathyan et al 2007, Tong et al 2013). Furthermore, ethanol exposure during 
nervous system development has been shown to disrupt developmental patterns, 
including neuronal migration (Miller 1986), cell morphology (Davies et al 1981), and 
ontogeny of neurotransmitter synthesis (Swanson et al 1995). Additionally, PEE has been 
shown to dysregulate the expression of various neurotrophic factors such as Ngf, Bdnf, 
neurotrophin-3 and basic fibroblast growth factor (Light et al 2002). However, the majority 
of these findings have been reported following acute exposure to high doses of ethanol, 
while the consequences of low-moderate exposure have not been fully described.  
 
The second aim of this chapter was to assess the effects of DVD deficiency and PEE on 
global changes in gene and protein expression at birth, using hypothesis-generating, 
unbiased screens on neonatal cerebrum tissue. It was hypothesized that DVD deficiency 
and PEE would disrupt the expression of molecules relevant to cell death and proliferation, 
as well as neurotransmitter signalling, and that the combination of DVD and PEE would 
result in a greater number of affected molecules compared to each single exposure.  
 
4.3.2 Materials and methods 
 
4.3.2.1 Animals, housing and exposures 
 
Twenty adult male and 40 four-week old female C57BL/6J mice were purchased (ARC, 
Perth, WA) and housed as described in section 2.2.1. The same sires were used 
throughout the two cohorts of females to reduce variability from different sires. Dams were 
 65 
randomly allocated to one of four experimental groups (Std-H2O; Std-PEE; DVD-H2O; 
DVD, PEE) following diet and exposure methods described in section 2.2.2 and 2.2.3. 
 
4.3.2.2 RNA-sequencing  
 
a) Neonatal brain tissue collection  
 
A total of 24 samples (n=6/Group) were collected within 12h of birth. Briefly, male and 
female pups were decapitated and whole cerebrum tissue was dissected. Left and right 
hemispheres were collected and snap frozen in liquid nitrogen and then stored at -80˚C. 
Samples were counter-balanced (left and right hemispheres) for RNA-Seq and Proteomics 
assays. 
 
b) Sample preparation  
 
For preparation of the RNA sequence libraries, 100ng of total RNA was sequenced per 
sample using the Illumina TruSeq stranded mRNA library LT preparation kit [Illumina, San 
Diego, CA] according to the manufacturer’s instructions. RNA quality was analysed on the 
Agilent Bioanalyser and all samples had a RIN number of 8.2 or greater. Samples were 
also Qubited for RNA input using a HS-RNA assay. 700 ng of RNA was used for library 
preparation, samples were sequenced in an 8 plex, across 3 lanes of a HiSeq 2000 v4 (50 
Gb per lane, 200 million reads per lane minimum). 
 
c) Processing and analysis of RNA-Seq data 
 
Raw reads were aligned to the mouse genome (mm10) using HiSat (Pertea et al 2016). 
Transcript levels were quantified in HTSeq-count (Anders et al 2015) by mapping to known 
mouse (mm10) RefSeq (NCBI) protein coding sequences, which were downloaded in a 
GTF format from the UCSC table browser. In HTSeq-count the overlap mode used was 
“union”, and the strandedness set to “no”. Differential gene expression analysis was then 
performed using the DeSeq2 package (Love et al 2014) to compare experimental groups 
(DVD-H2O, Std-PEE, DVD-PEE) to control (Std- H2O). 
 
  
 66 
4.3.2.3 SWATH Proteomics 
 
a) Sample preparation  
 
A volume of 200ul of extraction buffer (10mM Tris, 8M Urea, 2% SDS) was added to the 
tissue sample. Tissue pieces were then sonicated on ice (30% amplitude, Vibra-Cell, 
Sonics, CT, USA). The solution was placed on a rotator and spun slowly for 4 hours at 
room temperature to complete solubilisation. The samples were then centrifuged at 
16000g for 30 minutes at 4°C to remove insoluble debris. The supernatant was removed 
and placed in a new tube. The sample was then reduced with 10mM Dithiothreitol (DTT) 
and heated at 30°C in the dry bath incubator for 1 hour. This was followed by alkylation 
with 25mM idoacetamide (IAA) at room temperature for 15 minutes in the dark. Following 
alkylation, a 4:1 volume of ice-cold acetone was added to the sample with brief vortexing. 
The mixture was incubated overnight at -20°C, then centrifuged at 16000g for 30 minutes 
at 0°C. The pellets were resuspended in 50ul of 10mM Tris, 8M Urea. Once the pellet was 
completely solubilized, samples were diluted to 2M urea with 50mM ammonium 
bicarbonate. Protein quantification was performed using a bicinchoninic acid (BCA) assay, 
according to kit instructions (Pierce, ThermoFisher). The sample was further diluted to 1M 
urea with 50mM ammonium bicarbonate. Trypsin was added at a 1:50 (enzyme:protein) 
ratio, and the mixture was incubated overnight at 37°C. Trypsin-digested peptides were 
purified and concentrated using a ZipTipC18 (10 μL tip with 0.6 μL resin bed, Millipore, 
Billerica, MA, USA) according to the manufacturer’s instructions. A pooled sample for 
information-dependent acquisition (IDA) was subjected to strong cation exchange (SCX) 
fractionation prior to LC-MS/MS. 
 
b) Strong cation exchange fractionation  
 
SCX was performed on an Agilent 1100 series LC system (Agilent Technologies, 
Mulgrave, Vic, Australia) at a flow rate of 500ul/min. Tryptic peptides were loaded onto a 
ZORBAX column (Agilent technologies, 50mm x 4.6mm, 5μm) and eluted over 40 min with 
a linear gradient using ACN buffers (Buffer A: 10mM citric acid, 2% ACN; Buffer B: 10mM 
ammonium hydroxide, 2% ACN). The elution program was: 10% buffer B for 4 min; 10-
60% for 3 min; 60-97% for 23 min and 10% buffer B for 10 min.  Flow-through fractions 
were collected every 30 seconds (80 in total) into a 96-well plate. Eluate samples # 1-20 
were combined to give Fraction 1, #21-24 Fraction 2, #25-28 Fraction 3, #29-32 Fraction 
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4, #33-36 Fraction 5, #37-40 Fraction 6, #41-44 Fraction 7, #45-48 Fraction 8, #49-60 
Fraction 9, and #61-80 Fraction 10. Fractions were vacuum concentrated and desalted 
with the ZipTipC18. Each fraction was processed separately for IDA analysis on the Triple-
ToF 5600 mass spectrometer.  
 
c) HPLC Triple-ToF 5600 mass spectrometer  
 
For 1D LC-MS/MS analysis peptides were dissolved in 0.1% formic acid and injected onto 
an Eksigent nanoLC-Ultra system (AB Sciex) at a flow rate of 300 nL/min onto a cHiPLC-
Nanoflex 75 x 150 mm column ChromXP C18-CL 3μm 120 Å phase (Eksigent, USA) 
configured in trap and elute mode.  Chromatographic separation was performed using a 
linear gradient 1 – 60% solvent B over 90 min. Mobile phases consisted of solvent A (1% 
acetonitrile, 0.1% formic acid) and solvent B (0.1% formic acid, 90% acetonitrile). The 
HPLC eluent was interfaced to a TripleTOF 5600 LC/MS/MS system using a Nanospray III 
ionisation source (Applied Biosystems, Forster City CA). Source conditions included an ion 
spray voltage of 2700 V, nebulizer gas flow of 10, curtain gas flow of 30, interface heater 
temperature at 150° C and collision-induced dissociation settings included CAD gas of 10 
and a declustering potential of 80 V. MS TOF spectra were acquired across the range 
m/z350 – 1800 for 0.5 s followed by 20 data-dependent MS/MS measurements on 
precursor ions (100 counts/s threshold, +2 to +5 charge state, collision energy of 40 with 
collision energy spread of 15).  For SWATH analysis, a second injection was performed in 
a data independent mode stepped at 25amu across the same mass range.  Data was 
acquired and processed using Analyst TF 1.6™ software. 
 
d) Protein Identification and quantification  
 
ProteinPilot™ v4.5 software (Applied Biosystems, Forster City CA) utilising the Paragon 
Algorithm was used to analyse the IDA Fractions 1-10. MS/MS data was searched against 
the Uniprot FASTA formatted database. False discovery rate analysis was done with tools 
integrated in the software. The ‘thorough’ search setting was selected with the following 
criteria: identification; cysteine alkylation, iodoacetamide; digestion, trypsin; fixed 
modification, carbamidomethylation; variable modification, oxidation of methionine; 
species, mus musculus. The criterion for a positive identification was a confidence score of 
≥ 95% and a minimum of 2 peptides per protein. 
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e) Data processing and statistical analysis  
 
The ProteinPilot ion library was imported to the PeakView 2.1 software (AB SCIEX) for 
quantification of the SWATH samples. Using a 1% False-Discovery Rate (FDR) we were 
able to import 21619 distinct peptides and 2259 proteins. The number of peptides was set 
to 30 and transitions to 6. Shared peptides were excluded and modified peptides allowed. 
The filtered ion library was then exported to the MSstats package using the R platform 
[26]. The data was subjected to within-group normalisation, to give normalised peak 
values. Comparisons were made between control (Std-H2O) and the three exposure 
groups, DVD-H2O Std-PEE and DVD-PEE.  Proteins with an adjusted p-value <0.01 were 
further analysed in PeakView. Each spectral peak was visually checked to confirm its 
identity. The observed retention times were also checked against the expected retention 
time. Peptides that could not be confirmed were excluded from the ion library. Proteins 
with less than two peptides were also removed from the library. The ion library was 
updated and subjected to statistical reanalysis in MSstats. Proteins with an adjusted p-
value <0.01 were considered significant.  
 
4.3.2.4 Pathway analysis  
 
Significant differentially expressed genes and proteins (UniProt) and their fold changes 
were uploaded to the Ingenuity Pathway Knowledge Base (Ingenuity System Inc, 
Redwood City, CA). Ingenuity Pathway Analysis was used to identify affected canonical 
pathways, biological functions and molecular networks. Significance thresholds in these 
analyses were p<0.01 and fold change of > or < 1.2. 
 
4.3.3 Results  
 
4.3.3.1 RNA-Sequencing  
 
A total of 24 samples (n=6/Group) from neonatal cerebrum tissue were sequenced in a 
discovery set for gene expression. Analysis using the Fold Change value for the complete 
list of evaluated molecules, served to highlight the top candidates in each comparison 
group, for further validation. Furthermore, pathway analysis using Ingenuity Pathway 
Analysis Tool (Qiagen Bioinformatics) software revealed the top canonical pathways of 
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interest that may be affected, as well as the main molecular and cellular functions that may 
be affected as a result of such disruptions.  
 
Comparison of each treatment group to controls (Std-H2O) resulted in 57 altered genes in 
DVD-H2O, 6 altered genes in the Std-PEE group and 122 altered genes in DVD-PEE 
samples. Analysis was performed using adjusted p values of altered molecules in every 
Group. There was one overlap between DVD- H2O and Std-PEE, and there were no 
common molecules altered between DVD-PEE and DVD-H2O or Std-PEE (Fig. 4.4). 
Pathway analyses were performed using IPA ®. (See Appendix 2 for complete list of 
altered molecular functions and Appendix 3 for list of top dysregulated molecules). 
 
 
 
 
Figure 4.4 Gene expression changes in neonatal brain as a result of DVD deficiency and 
PEE. 
Results from whole-genome RNA sequencing study. The Venn diagram depicts the number of 
genes significantly altered (p<0.05) in each group when compared to controls (Std-H2O). 
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Ingenuity ® Pathway analysis also revealed the top molecular functions affected in each 
comparison group (Fig. 4.5 A,C,E), along with the number of affected molecules relevant 
to each function and top dysregulated molecules (based on adjusted p value) were 
identified (Fig 4.5 B,D,F). DVD deficiency affected 17 molecules involved in molecular 
transport, 16 transcripts that regulate small molecule biochemistry and 10 molecules that 
part of cell death and survival signalling. Based on number of altered molecules, PEE 
resulted in a less extensive effect than DVD deficiency, however, similar molecular 
functions were identified as vulnerable, including small molecule biochemistry (3 altered 
molecules), cell-to-cell signalling and interaction (1), and cell death and survival (1) 
identified as vulnerable. The combination of factors (DVD-PEE) resulted in the largest 
number of dysregulated genes, whereby 23 of the altered molecules are involved in 
cellular assembly and organization, 21 regulate cellular function and maintenance, and 15 
play a role in small molecule biochemistry. IPA ® was also used to generate network 
analysis for each comparison group, where up and downregulated molecules were 
arranged based on cellular localization and potential regulatory pathways (Fig. 4.6-4.8). 
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Figure 4.5 RNA-Sequencing results from neonatal brain tissue  
Molecular functions altered as a result of (A) DVD deficiency, (C) PEE and (E) DVD-PEE ranked 
according to number of altered molecules relevant to each function. –log10 p-value range is 
represented in parentheses. (B, D, E) Curated lists of genes associated with altered molecular 
functions in each comparison group. (n=6/Group) 
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Further analysis revealed the top canonical pathways disrupted in each comparison group 
(Table 4.1). Some of these findings served to confirm previous reports found in the 
literature, such as the effects of DVD deficiency on synaptic long-term potentiation 
(p=2.68E-03), DA-DARPP-32 feedback in cAMP signalling (p=6.20E-03) and Wnt/Ca+ 
pathway (p=7.67E-03). Other findings were not predicted, such as the impact of PEE on 
complement system (p=8.68E-03), or the strong dysregulation of circadian rhythm 
signalling (p=4.84E-04) as a result of DVD-PEE. 
 
Table 4.1 List of top canonical pathways altered by DVD deficiency and PEE on gene 
expression. 
 
Top Canonical Pathways 
Std-H2O v. DVD-H2O 
Name   p-value Overlap 
Synaptic Long-Term Potentiation 2.68E-03  2.5 % 3/120 
Dopamine-DARPP32 Feedback in cAMP Signalling 6.20E-03  1.9 % 3/162 
Wnt/Ca+ pathway 7.67E-03  3.5 % 2/57 
PRPP Biosynthesis I 9.19E-03  25.0 % 1/4 
Glycerol-3-phosphate Shuttle 9.19E-03  25.0 % 1/4 
   
Std-H2O v. Std-PEE 
Complement System 8.68E-03  2.7 % 1/37 
GABA Receptor Signalling 1.57E-02  1.5 % 1/67 
Toll-like Receptor Signalling 1.73E-02  1.4 % 1/74 
Renal Cell Carcinoma Signalling 1.89E-02  1.2 % 1/81 
LXR/RXR Activation 2.82E-02  0.8 % 1/121 
   
Std-H2O v. DVD-PEE 
Circadian Rhythm Signalling 4.84E-04  9.1 % 3/33 
Granzyme A Signalling 3.87E-03  10.0 % 2/20 
-alanine Degradation I 9.30E-03  50.0 % 1/2 
Inhibition of Matrix Metalloproteases 1.42E-02  5.1 % 2/39 
Neuroprotective Role of THOP1 in Alzheimer's Disease 1.49E-02  5.0 % 2/40 
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Figure 4.6 IPA® network analysis of dysregulated molecules in DVD-H2O samples. 
Molecules found to be disrupted by DVD deficiency, organized into networks and localization 
(nucleus, cytoplasm, plasma membrane, extracellular space), showing possible pathway 
interactions. Molecules in green were downregulated, while those in red were upregulated. 
Molecules in grey were not significantly altered but are important downstream/upstream members 
of dysregulated pathways. 
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Figure 4.7 IPA® network analysis of dysregulated molecules in Std-PEE samples. 
Molecules found to be disrupted by PEE, organized into networks and localization (nucleus, 
cytoplasm, plasma membrane, extracellular space), showing possible pathway interactions. 
Molecules in green were downregulated, while those in red were upregulated. Molecules in grey 
were not significantly altered but are important downstream/upstream members of dysregulated 
pathways. 
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Figure 4.8 IPA® network analysis of dysregulated molecules in DVD-PEE samples. 
Molecules found to be disrupted by the combination of DVD deficiency and PEE, organized into 
networks and localization (nucleus, cytoplasm, plasma membrane, extracellular space), showing 
possible pathway interactions. Molecules in green were downregulated, while those in red were 
upregulated. Molecules in grey were not significantly altered but are important 
downstream/upstream members of dysregulated pathways. 
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4.3.3.2 SWATH Proteomics 
 
The opposite hemisphere to that of samples used for RNA-Seq was prepped and assayed 
in a proteomics screen (n=6/Group). Results were analysed with IPA ®. Similar to RNA-
Seq analysis, each treatment group was compared to controls (Std-H2O). Top molecules 
(based on adjusted p value) were matched to test for overlapping changes (Fig. 4.9).  
There were 12 altered molecules in the DVD-H2O group, 13 in the Std-PEE group and 11 
in the DVD-PEE group. Furthermore, there were 2 common affected molecules between 
DVD-H2O and Std-PEE; 4 between DVD-H2O and DVD-PEE; 3 between Std-PEE and 
DVD-PEE; and 2 molecules were present in all comparison groups. (See Appendix 4 for 
complete list of altered molecular functions and Appendix 5 for list of top dysregulated 
molecules). 
 
 
 
Figure 4.9 Protein expression changes in neonatal brain as a result of DVD deficiency and 
PEE.  
Results from cerebrum Proteomics study. The Venn diagram depicts the number of proteins 
significantly altered (p<0.05) in each group when compared to controls (Std-H2O). n=6/Group. 
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Top altered canonical pathways and corresponding molecular and cellular functions were 
also identified. Some of the most relevant molecular functions found to be affected in DVD-
deficient samples, at protein level, were cell death and survival and cell function and 
maintenance, with 21 and 17 dysregulated proteins, respectively (Fig. 4.10 A). In PEE 
samples, cell assembly and organization, as well as cell function and maintenance were 
found to be disrupted, which involved 18 and 16 dysregulated proteins, respectively (Fig. 
4.10 C). The combination of exposures (DVD-PEE) did not result in an exacerbated effect 
of molecular functions disrupted by a single hit (DVD or PEE). Cell death and survival was 
altered, consistent with findings form DVD-deficient samples; however, there were 10 
proteins dysregulated in this pathway, as opposed to 21 found in the DVD deficiency 
group. In agreement with changes in PEE samples, cell morphology was dysregulated in 
the combination group, although the number of affected molecules part of this function 
was not aggravated as a result of the combination of factors (15 affected molecules in PEE 
group, 13 in DVD-PEE) (Fig 4.10 E).  
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Figure 4.10 SWATH Proteomics results from neonatal brain tissue. 
Molecular functions altered as a result of (A) DVD deficiency, (C) PEE and (E) DVD-PEE ranked 
according to number of altered molecules relevant to each function. –log10 p-value range is 
represented brackets. (B, D, E) Curated lists of proteins associated with altered molecular 
functions in each comparison group (n=6/Group). 
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The canonical pathways (Table 4.2) with the largest effect in the DVD-deficient group were 
DNA damage checkpoint regulation (p=3.85E-04) and TCA cycle II (p=2.00E-03). In PEE 
samples, remodelling of epithelial adherens junctions (p=4.39E-04) and mitochondrial 
dysfunction (p=6.14E-03) were the most vulnerable pathways. The combination of DVD-
PEE resulted in dysregulated tight junction signalling (p=3.60E-03) and methylglyoxal 
degradation I (p=5.53E-03). These are exclusive pathways from those altered as a result 
of a single exposure, suggesting DVD deficiency does not exacerbate the effects of PEE. 
Additionally, the changes in canonical pathways affected by DVD-PEE had a lower level of 
significance compared to dysregulations observed in DVD or PEE alone.  
 
Table 4.2 List of top canonical pathways altered by DVD deficiency and PEE on protein 
expression. 
 
Top Canonical Pathways 
Std-H2O v. DVD-H2O 
Name   p-value Overlap 
Cell Cycle: G2/M DNA Damage Checkpoint Regulation  3.85E-04 6.1 % 3/49 
TCA Cycle II (Eukaryotic)  2.00E-03 8.7 % 2/23 
PRPP Biosynthesis I  1.15E-02 25.0 % 1/4 
Tight Junction Signalling  1.25E-02 1.8 % 3/167 
RhoGDI Signalling  1.37E-02 1.7 % 3/173 
   
Std-H2O v. Std-PEE 
Remodelling of Epithelial Adherens Junctions 4.39E-04 4.4 % 3/68 
Mitochondrial Dysfunction 6.14E-03 1.8 % 3/171 
CMP-N-acetylneuraminate Biosynthesis I (Eukaryotes)  1.08E-02 20.0 % 1/5 
Oxidative Phosphorylation 2.36E-02 1.8 % 2/109 
Cleavage and Polyadenylation of Pre-mRNA  2.58E-02 8.3 % 1/12 
   
Std-H2O v. DVD-PEE 
Tight Junction Signalling  3.60E-03 1.8 % 3/167 
Methylglyoxal Degradation I  5.53E-03 33.3 % 1/3 
Arsenate Detoxification I (Glutaredoxin) 7.37E-03 25.0 % 1/4 
PRPP Biosynthesis I  7.37E-03 25.0 % 1/4 
Ascorbate Recycling (Cytosolic) 7.37E-03 25.0 % 1/4 
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4.3.4 Discussion 
 
The main aim of the second study presented in this chapter was to undertake two broad 
screens to reveal possible candidate pathways and molecules affected as a result of DVD, 
PEE and their combination at transcript and protein level. The first approach consisted of 
RNA-sequencing, using RNA extracted from neonatal cerebrum tissue, to highlight 
individual candidates for future studies, and to identify molecular functions and canonical 
pathways vulnerable to each exposure and their combination. The second approach 
examined protein levels using SWATH proteomics on neonatal cerebrum tissue, as well as 
their corresponding molecular functions and canonical pathways. Both of these 
approaches should be considered preliminary, with the intention of identifying candidates 
of large effect expressed throughout the whole brain. The findings from the RNA-seq data 
support the hypothesis that the effects of DVD deficiency are exacerbated by the addition 
of a secondary hit, in this case PEE, whereas the findings from the SWATH data did not. 
These results are discussed in more detail in the sections below.  
 
4.3.4.1 Effects of DVD deficiency and PEE on neonatal gene expression 
 
The top canonical pathways and affected molecular functions in each comparison were 
identified from RNA-Seq analysis. Those listed as dysregulated in the DVD-H2O and Std-
PEE groups were not novel, however, they served to corroborate findings previously 
reported in the literature. Nevertheless, this is the first study to examine the effects of the 
combination of DVD deficiency and PEE on gene expression.  
The comparison of control samples (Std-H2O) vs. DVD-H2O highlighted Synaptic Long-
Term Potentiation, Dopamine-DARPP32 Feedback in cAMP Signalling and Wnt/Ca+ 
signalling as the main disrupted pathways, which in turn affect important molecular 
functions such as molecular transport, small molecule biochemistry and cell death and 
survival. Previous DVD studies have shown that the absence of vitamin D impacts on cell, 
growth, survival and morphology. Apoptosis and cell cycle targeted cDNA expression 
arrays on cortical rat tissue have shown reduced expression of pro-apoptotic genes, such 
as Bak, at E19 and P0, increased expression of pro-mitotic genes, including cyclins A1, D1 
and E and decreased levels of anti-mitotic gene, p21 (Ko et al 2004). Moreover, qRT-PCR 
analyses on midbrain tissue from DVD-deficient embryos have shown decreased 
expression of a nuclear receptor essential for the development and maturation of 
dopaminergic neurons, NURR1 (Cui et al 2010). The mRNA levels of COMT, the enzyme 
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that catalyses the conversion of DOPAC to HVA, were also reduced in DVD-deficient rat 
tissue, suggesting DVD deficiency may have an impact on dopaminergic development 
(Kesby et al 2009).  
 
Comparing Std-H2O vs. Std-PEE revealed that the complement system, GABA receptor 
signalling, and LXR/RXR activation were the top dysregulated pathways, while the 
affected molecular functions included amino acid metabolism, cell-to-cell signalling and 
interaction and cell death and survival. Some of these findings were not predicted, such as 
the impact of PEE on the complement system. Taking into consideration novel information 
recently published regarding C4 regulation and risk for neurodevelopmental disorders (see 
C4A/C4B discussion above), these results suggest that the effects of PEE on the 
regulation of the complement system may have a significant impact on the risk for 
neurodevelopmental disorders.  
 
Other studies on PEE have shown that ethanol has a varying degree of impact on gene 
expression, based on dose and timing of exposure. Using the same model of moderate 
PEE as this study, transcriptional changes were found in the embryo (E9), gene and 
miRNA expression changes were identified in the hippocampus of adolescent (P28) and 
adult mice (P80). Unbiased screens of mRNA and miRNA expression at E9, only identified 
one gene (Bcl11b) out of ∼45, 000 probes on the microarray (annotated to 30, 855 genes) 
and 641 miRNAs to be altered as a result of PEE (Yamada 2017). A genome-wide 
analysis reported 23 genes and 3 miRNAs as altered in the hippocampus of PEE 
adolescent offspring, and DNA methylation in the CpG islands upstream of the candidate 
genes was also altered (Marjonen et al 2015). Furthermore, another study reported a 
disruption of the developmental silencing of Slc17a6, which encodes for the vesicular 
glutamate transporter Vglut2, in the hippocampus of adult PEE offspring (Zhang et al 
2015). These preliminary findings suggest that even a short, moderate dose can alter 
gene expression regulation, which may be associated with long-term phenotypic changes. 
 
Further investigation revealed individual molecules altered in each comparison group. 
While there were 57 transcripts affected in the DVD-H2O group, there were only 6 altered 
genes in the Std-PEE group and the DVD-PEE showed the largest number of affected 
molecules (122). It is important to note that overlapping molecules (altered in two or more 
comparisons) were minimal, only one candidate was present in both DVD-H2O and Std-
PEE, Crystaline Mu (Crym), a protein-coding gene that binds NADPH; its encoded protein 
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binds thyroid hormone and it may have developmental or regulatory roles. Crym mutations 
have been associated with autosomal dominant non-syndromic deafness. A study on 
human and mouse foetal cerebral cortices exposed to ethanol in vitro and in vivo, 
respectively, reported a significant downregulation of Crym compared to controls 
(Hashimoto-Torii et al 2011). Furthermore, there were no common changes between DVD-
PEE and the single –hit comparisons, which suggests that when combined, these 
exposures dysregulate different molecules and pathways, independent form those affected 
by single-hit exposures. 
 
The top upregulated molecules in the DVD deficiency group were KCNQ5 and NECAB1, 
while PTGDS and CRABP2 were the top downregulated transcripts. Potassium Voltage-
Gated Channel Subfamily Q Member 5 (KCNQ5), is a potassium voltage-gated channel, 
the most recently discovered member of the KCNQ family of potassium channel genes. It 
is differentially expressed in subregions of the brain and in skeletal muscle. KCNQ5 was 
found to be widely distributed throughout the temporal neocortex and the hippocampal 
formation (Yus-nájera et al 2003). In these structures, both pyramidal and non-pyramidal 
neurons and a population of glial cells in the white matter expressed the KCNQ5 subunit. 
Furthermore, there is more extensive literature on other members of the KCNQ family. 
Mutations in KCNQ2 and 3 results in neonatal generalized epilepsy; these form 
heteromeric potassium channels expressed broadly throughout the brain and the 
associated current is almost identical to the M-current, which is an important regulator of 
neuronal excitability (Wang et al 2016a). A more recent study reported that KCNQ5 largely 
overlaps with KCNQ2 and 3 and can form hetermeric channels with KCNQ3. Currents 
expressed from KCNQ5 have voltage dependences and inhibitor sensitivities in common 
with M-currents, indicating a molecular diversity of channels yielding M-type currents and 
suggests KCNQ5 may have a role in the regulation of neuronal excitability (Schroeder et al 
2000). Another study in control and epileptic patients reported a marked loss of KCNQ5 
immunoreactive pyramidal neurons in the sclerotic areas of the CA fields of epileptic 
patients, suggesting KCNQ5 may also be involved in neonatal generalized epilepsy (Yus-
nájera et al 2003). Furthermore, there is some evidence to show an association between 
vitamin D and epilepsy. Epidemiological studies have reported a seasonal pattern of 
epilepsy in newborns, where the rate of epileptic births was highest in the winter months 
(Procopio et al 1998, Procopio et al 2006, Procopio et al 1997). Meanwhile, studies in 
animals have shown that administration of vitamin D can significantly increase seizure 
threshold, decrease the severity of chemically induced seizures, and enhance the 
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anticonvulsant effect of phenytoin and valproate (Borowicz et al 2007, Kalueff et al 2005, 
Siegel et al 1984). Moreover, VDR-knockout rats showed increased seizure susceptibility 
(Kalueff et al 2006a, Kalueff et al 2006b). The mechanism by which vitamin D deficiency 
may increase the risk for epilepsy is not fully understood, though one possible explanation 
is considering that vitamin D plays part in the regulation of voltage-gated calcium and 
potassium channels, its absence may result in an imbalance between excitatory and 
inhibitory currents that may lead to epileptic seizures. 
 
There is limited information on the function of N-terminal EF-hand calcium binding protein 
1 (NECAB1) in the brain. However, it is part of the neuronal calcium-binding family and is 
expressed in layer 4 pyramidal neurons of the cerebral cortex, and in inhibitory 
interneurons and CA2 pyramidal cells of the hippocampus in rats (Sugita et al 2002). Ca2+ 
plays a crucial role in many and diverse cellular processes, including neurotransmission. 
Neurotransmitter release is tightly regulated by Ca2+ -dependent SNARE proteins whose 
activity is regulated by Ca2+ -binding proteins (CaBPs). A high level of calcium in the brain 
leads to neurotoxicity, and one of the neuroprotective qualities of vitamin D is to promote a 
reduction in calcium levels. Vitamin D has been shown to downregulate L-VGCCs (Zanatta 
et al 2012, Zhu et al 2012), as well as to regulate the gene expression of other calcium-
binding proteins, including parvalbumin and calbindin D28k, and proteins associated with 
Ca2+ homeostasis (Dursun et al 2011, Eyles et al 2007, Van Cromphaut et al 2001). The 
upregulation of NECAB1 upon the absence of vitamin D has not been previously 
described, however it is consistent with findings highlighting the neuroprotective actions of 
vitamin D.  
 
PTGDS was the top downregulated molecule in the DVD group. The protein encoded by 
this gene is a glutathione-independent prostaglandin D synthase, which catalyses the 
conversion of prostaglandin H2 (PGH2) to prostaglandin D2 (PGD2) (Igarashi et al 1992). 
PGD2 is a neuromodulator as well as a trophic factor in the central nervous system. At 
cellular level, it is involved in apoptosis, migration and differentiation, and its dysregulation 
has been associated with various types of cancer, including glioblastoma, prostate and 
lung cancer (Yoshida et al 1998). Vitamin D has been previously shown to regulate the 
expression of apoptotic genes, which makes PTGDS another plausible candidate as a 
downstream target of vitamin D regulation.  
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Cellular retinoic acid binding protein 2 (CRABP2) was also downregulated as a result of 
DVD deficiency. It encodes a member of the retinoic acid (RA) protein family. The protein 
is a cytosol-to-nuclear shuttling protein, involved in the retinoid signalling pathway by 
facilitating RA binding to its receptor complex and transfer to the nucleus (Astrom et al 
1991). Studies in neuroblastoma cells have reported that CRABP2 mRNA expression can 
be inhibited in the presence of a retinoid X receptor (RXR)-homodimer antagonist (Hewson 
et al 2002). Moreover, VDR has been shown to heterodimerise with RXR and to bind 
target DNA sequences to regulate gene transcription (Barsony et al 2002), making 
CRABP2 a plausible downstream target affected by DVD deficiency.  
 
With regards to the Std-PEE group, the top upregulated molecules were C4A/C4B and 
Ubb, while FGFBP3 and RPL23 were the top downregulated transcripts. C4A/C4B 
encodes the basic form of complement factor 4, it is a critical component of the classical 
complement cascade, an innate immune system pathway that rapidly recognizes and 
eliminates pathogens and cellular debris. In the brain, C4+ cells have been observed in 
grey and white matter, with the greatest number of C4+ cells found in the hippocampus. 
Additionally, C4 has also been detected in subsets of NeuN+ neurons and a subset of 
astrocytes, suggesting it is produced by, or deposited on, neurons and synapses (Sekar et 
al 2016). In mice, C4 has been shown to promote synapse elimination during the 
developmentally timed maturation of neuronal circuits. Moreover, the role of C4 in synaptic 
pruning has been recent explored in relation to schizophrenia risk, where post-mortem 
studies revealed that the median expression of C4A in brain tissues from schizophrenia 
patients was 1.4-fold greater than in healthy controls (Sekar et al 2016). This suggests that 
there may be excessive complement activity in the development of schizophrenia, and 
provides a possible explanation for the reduced numbers of synapses in the brains of 
schizophrenia patients. C4 has also been associated with other neurodevelopmental 
disorders, including autism and ADHD, whereby one study found plasma concentration of 
the C4B protein in autistic patients was significantly lower than that of control subjects 
(Warren et al 1994) and another study reported C4B plasma levels in ADHD subjects to be 
significantly decreased compared to those in the control age-matched subjects (Warren et 
al 1995). Furthermore, considering PEE has been previously associated with increasing 
the risk for neurodevelopmental disorders in the offspring, C4A/C4B is an important 
candidate which, upon validation, would provide valuable insight into the mechanism 
underlying the teratogenic effects of ethanol.  
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Ubb was significantly upregulated in the Std-PEE comparison group. It encodes ubiquitin, 
a highly conserved protein that has a major role in targeting cellular proteins for 
degradation. It is also involved in the maintenance of chromatin structure, the regulation of 
gene expression, and stress response. Disruption of Ubb leads to early-onset reactive 
gliosis and adult-onset hypothalamic neurodegeneration in mice (Ryu et al 2014), though 
the underlying mechanisms are not fully understood. A study in vitro, using isolated cells 
from Ubb (-/-) mouse embryonic brain tissue identified an unexpected role for cellular Ub 
pools in determining the fate and self-renewal of neural stem cells (NSCs). The study 
reported an increase in number of glial cells and decreased number of neurons; moreover, 
reduced proliferation and premature differentiation into glial cells was observed, which 
resulted in a significant decrease in the number of neural stem cells. Additionally, Ubb (-/-) 
cells showed a significant reduction of pro-neuronal gene expression, possibly mediated 
by increased steady-state levels of Notch intracellular domain, which leads to an 
upregulation of Notch target genes (Ryu et al 2014). Furthermore, PEE studies in vitro 
have shown that numerous genes involved in the ubiquitin pathway, protein synthesis and 
chromatin remodelling and methylation are dysregulated upon ethanol exposure (Gutala et 
al 2004, Liu et al 2009, Zhou et al 2011) (Downing et al 2012, Mason et al 2012), 
suggesting these are important targets of PEE.  
 
Fibroblast growth factor binding protein 3 (FGFBP3) was the top downregulated molecule 
in PEE samples. Clinical studies have shown that FGF signalling is disrupted in patients 
with major depressive disorders (Evans et al 2004, Gaughran et al 2006), and in mice 
FGF-2 expression levels were decreased after prenatal stress or social defeat (Turner et al 
2008). Moreover, FGFBP3 has been shown to bind to FGF-2 in vitro, and to colocalize 
with FGF-2 in vivo, thereby suggesting FGFBP3 may be important in the stabilization of 
FGF-2 by acting as a molecular chaperone (Yamanaka et al 2011). Furthermore, a study 
using mice with a targeted deletion of FGFBP3 found that its inactivation resulted in 
altered anxiety-related behaviours, including reduced time spent in the centre of an open 
field arena, reduced activity in lit areas of light/dark transition box, as well as prolonged 
latency to feed during a novelty-induced hypophagia test. These behavioural findings were 
correlated with alterations in light-induced orbitofrontal cortex (OFC) activation via 
extracellular signal-regulated kinase (ERK) pathway-dependent manner (Yamanaka et al 
2011). There is no direct evidence showing that prenatal ethanol disrupts FGFBP3; 
however, in-vitro studies have shown that ethanol can inhibit basic FGF-mediated 
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proliferation of glial and neuronal precursors in a dose-dependent manner (Luo et al 
1996), which suggests that FGFBP3 may also be a plausible candidate vulnerable to PEE. 
 
Ribosomal protein L23 (RPL23) was also significantly downregulated in the PEE group. 
RPs, which are components of ribosomal subunits, are ubiquitous RNA-binding proteins 
that carry out multiple extraribosomal functions. RPL23 is a protein component of the 60S 
large ribosomal subunit, which has been shown to negatively regulate apoptosis (Qi et al 
2017). When ribosome biogenesis is dysregulated, ribosomal proteins, including RPL23, 
interact with MDM2, an E3 ubiquitin ligase, to suppress its ubiquitinase activity and thereby 
stabilize the tumour suppressor protein p53 and stimulate p53-mediated activities including 
cell cycle arrest and apoptosis (Fumagalli et al 2011). Ribosomopathies in humans are not 
embryolethal, however, they are associated with significant craniofacial deficits such as 
flattened nasal bridge, micrognathia, epicanthal folds, cleft lip/palate, and altered palpebral 
fissues (Fumagalli et al 2011, Narla et al 2010), which are also commonly observed in 
FASD cases, thereby suggesting that cranial neural crest is particularly sensitive to altered 
ribosome biogenesis (Smith et al 2014).   
 
In the DVD-PEE group, the top upregulated molecules were NR1D1 and PER3, while 
F13A1 and DENND1C were the top downregulated molecules. Nuclear receptors are an 
evolutionarily conserved group of transcription factors that regulate genes involved in 
multiple functions such as homeostasis, development, metabolism and immune response. 
Nuclear receptors bind to lipophilic-ligands such as steroid hormones, including vitamin D, 
to modulate transcriptional activity (Fuller 1991). NR1D1 appears to have a diverse role in 
regulating gene networks in many tissue types and several biological processes. It is able 
to function as a monomer or a dimer, and is capable of repressing or activating gene 
expression (Adelmant et al 1996, Harding et al 1993, Harding et al 1995). NR1D1 has 
been widely studied for its role in transcriptional regulation of processes such as circadian 
rhythm and metabolism, with heme functioning as an endogenous ligand (Raghuram et al 
2007, Yin et al 2010). Evidence correlating NR1D1 and PEE is lacking; a genetic screen 
study in adolescents in relation to alcohol use disorders (AUD) found an association with 
circadian rhythm genes, one of them was NR1D1, which suggests that the circadian 
pathway may be relevant to ethanol pathophysiology (Dalvie et al 2016). 
 
Period circadian protein homolog 3 (PER3) was the second most upregulated molecule in 
DVD-PEE brain samples. It is a member of the Period family of genes and it is expressed 
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in a circadian pattern in the suprachiasmatic nucleus, the primary circadian pacemaker in 
the mammalian brain. Genes in the Period family encode components of the circadian 
rhythms of locomotor activity, metabolism, and behaviour. Polymorphisms in PER3 have 
been linked to sleep disorders (Dallaspezia et al 2016, Hong et al 2015). Per3 basal 
expression has also been correlated with anxiety-like and addiction-related phenotypes in 
rats. A study in mice reported that PEE resulted in increased expression of Per3 in the 
hippocampus, which was correlated to acute restraint stress response (Wang et al 2012). 
Another study in rats found that PEE affects circadian function of the stress-axis regulatory 
-endorphin neurons in the hypothalamus of adult offspring, as well as the circadian 
expression of Per1, Per 2 and Per3 in the arcuate nucleus (Chen et al 2006). This 
provides further evidence to suggest that ethanol exposure is associated with the 
regulation of Period genes and is able to alter the clock mechanisms governing circadian 
function. 
 
F13A1, or coagulation factor XIII A chain, was the top downregulated molecule in the 
DVD-PEE group. Coagulation factor XIII is part of the blood coagulation cascade. Plasma 
factor XIII is a heterotetramer composed of 2 A subunits and 2 B subunits. The A subunits 
have catalytic function, and the B subunits do not have enzymatic activity and may serve 
as plasma carrier molecules. Platelet factor XIII is comprised only of 2 A subunits, which 
are identical to those of plasma origin. Upon cleavage of the activation peptide by 
thrombin and in the presence of calcium ion, the plasma factor XIII dissociates its B 
subunits and yields the same active enzyme, factor XIIIa, as platelet factor XIII. This 
enzyme acts as a transglutaminase to catalyse the formation of gamma-glutamyl-epsilon-
lysine crosslinking between fibrin molecules, which stabilize the fibrin clot. F13A1 has 
been previously studied in reference to neurodegenerative disorders, such as Alzheimer’s 
Disease (AD). A study using iTRAQ-based LC-MS/MS analyses of controls with negative 
PiB-PET scores and mild cognitive impairment (MCI) and AD with positive PiB-PET scores 
reported and validated 3 biomarker candidates, F13A1, PCSK9 and DCD, as upregulated 
proteins in both MCI and AD, compared to controls (Kang et al 2016). F13A1 was also 
immunohistochemically detected in reactive microglia during gliosis, which is a hallmark 
feature of AD pathogenesis (Gerardino et al 2006). Additionally, a common polymorphism 
of F13A1 has been previously associated with sporadic AD (Gerardino et al 2006).  
 
DENN domain containing 1C (DENND1C) encodes a protein that functions as a guanine 
nucleotide exchange factor for the early endosomal small GTPase RAB35, which 
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regulates endosomal membrane trafficking and is involved in actin polymerization. The 
encoded protein activates RAB35 by promoting the exchange of RAB35-bound GDP for 
GTP. This gene may play a role in linking RAB35 activation with the clathrin machinery. 
There is little evidence on the effects of DVD deficiency or PEE on the expression of 
DENND1C. However, a study on ethanol exposure in rats reported upregulation of RAB35 
in ethanol-administering rats compared to controls (Bell et al 2009); considering 
DENND1C is involved in RAB35 activation, it is possible that the PEE may alter RAB35 
regulation via disruptions in DENND1C expression levels. 
 
 
4.3.4.2 Effects of DVD deficiency and PEE on neonatal protein 
expression 
 
Unbiased SWATH proteomics analysis identified the top altered molecules in each 
comparison group. The findings from this assay, while preliminary, served to test the 
biological plausibility of the effects of DVD deficiency and PEE on the regulation of cellular 
processes important for neurodevelopment. Pathways and molecular functions affected 
included Molecular Transport, Cell Death and Survival, Cellular Function and Maintenance 
and Cell Death and Survival, which are somewhat consistent with processes highlighted 
during RNA Sequencing assessment. However, pathway analysis comparing results from 
RNA sequencing and proteomics assays showed that while there was a large number of 
molecules listed as affected at transcript (RNA) level, there was minimal translation of 
these alterations resulting in dysregulated proteins, which is a common finding due to the 
high number of regulatory steps that occur between gene and protein expression 
(Ghazalpour et al 2011). 
 
Electron Transfer Flavoprotein Alpha Subunit (ETFA) and Coactosin-like protein (COTL1) 
were the most significantly dysregulated candidates as a result of DVD deficiency. ETFA, 
which was also altered in DVD-PEE samples, serves as a specific electron acceptor for 
several dehydrogenases; it transfers the electrons to the main mitochondrial respiratory 
chain via ETF-ubiquinone oxidoreductase. There is no previous association of vitamin D 
with this protein, however, in-vitro assays have shown that genetic silencing of the VDR 
results in potentiated mitochondrial respiratory chain protein levels (Consiglio et al 2015). 
In addition, several studies have reported a strong association between mitochondrial 
abnormalities and ASD in children, and have postulated that mitochondrial dysfunction 
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may be critical in the causal pathway that determines abnormalities in brain function and 
structure in autism (Siddiqui et al 2016), thereby suggesting that the role of DVD deficiency 
in the regulation of ETFA may have an impact on the development of disorders such as 
ASD. COTL1 is an actin binding and enzyme binding protein; it binds to F-actin in a 
calcium-independent manner and acts as a chaperone for ALOX5, influencing both its 
stability and activity in leukotrienes synthesis. COTL1 was found to be dysregulated in all 
comparison groups, however, there have not been previous associations between COTL1 
and DVD deficiency or PEE in the literature.  
 
G protein subunit alpha 11 (GNA11) and ribosomal protein L7 (RPL7) were the top 
downregulated molecules in the DVD deficiency group. GNA11 is part of the protein family 
of guanine nucleotide-binding proteins, or G proteins. It is a key mediator of Ca2+ sensing 
receptor (CASR) signalling, and dysregulation of this molecule has been associated with 
disorders such as hypocalciuric hypercalcaemia type II and hypocalcaemia dominant 2, 
where patients present impaired sensitivity to changes in extracellular calcium 
concentrations (Nesbit et al 2013). With regards to vitamin D, previous studies have 
observed a complex cross-talk between vitamin D and CASR, vitamin D-depleted rats had 
significantly reduced CASR expression (Brown et al 1996, Hendy et al 2016), and 
administration of 1,25(OH)D3 upregulated CASR expression in various tissues (Canaff et 
al 2002). This evidence suggests that the regulatory actions of vitamin D (or absence 
thereof) on GNA11 may be a plausible mode of action by which vitamin D is involved in 
Ca2+ signalling. RPL7 is a component of the large ribosomal subunit, which plays a 
regulatory role in the translation apparatus and inhibits cell-free translation of mRNA 
(Hemmerich et al 1993). This protein interacts with the VDR in the presence of vitamin D 
and has been shown to be a core regulator of VDR-RXR mediated transactivation of 
genes (Berghofer-Hochheimer et al 1998), which suggests it is a plausible candidate 
involved in the role of vitamin D in gene expression regulation.  
 
In the Std-PEE group, polyadenylation specificity factor subunit 5 (NUDT21) and secretory 
carrier membrane protein 1 (SCAMP1) were the top upregulated molecules, while glypican 
2 (GPC2) and methionine-tRNA ligase (MARS) were the top downregulated proteins. 
NUDT21 is part of the nudix superfamily of superfamily of hydrolytic enzymes capable of 
cleaving nucleoside diphosphates linked to x (any moiety). It is also a component of the 
cleavage factor Im (CFIm) complex that plays a key role in pre-mRNA 3’ processing 
(Ruegsegger et al 1998). This protein was also altered in DVD and DVD-PEE samples; 
 90 
however, there is limited information regarding the relationship between vitamin D or 
ethanol and NUDT21. PEE gene expression analyses have identified other proteins from 
the nudix family, such as NUDT3, 8 and 22 to be altered as a result of exposure to ethanol 
(Camargo Moreno et al 2017, Kleiber et al 2013, Mulligan et al 2008), however the 
differing dose, timing of exposure and of tissue collection could account for the absence of 
alterations in NUDT21 in these studies.  SCAMP1 belongs to the SCAMP family of 
proteins, which function as carriers to the cell surface in post-golgi recycling pathways. An 
association between SCAMP1 and PEE has not been previously reported. Chronic alcohol 
exposure studies have reported that ethanol alters the lipidation of Rab proteins, which 
leads to the inhibition of protein trafficking at the ER and Golgi apparatus (Nagy et al 
2002), perhaps ethanol exposure also has a role in the regulation of other secretory 
membrane proteins, including SCAMP1. 
 
GPC2, also known as cerebroglycan, is exclusively expressed in the developing nervous 
system in a transient pattern. It appears to participate in cell adhesion and regulation of 
cell growth and axon guidance (Stipp et al 1994). Studies in rats have shown prominent 
GPC2 expression on axon tracts while axons were actively growing, but generally not after 
axons had reached their targets (Ivins et al 1997). Indeed, GPC2 ceased to be expressed 
in mature neurons, and it was only present in newly generated granule neurons of the 
hippocampus at a late stage in development (Ivins et al 1997). Although a direct 
association between PEE and GPC2 has not been previously described, there is vast 
evidence in the literature regarding the effects of ethanol on cell adhesion and axon 
guidance. In vitro studies have shown that ethanol exposure can disrupt cell motility, and 
can induce defects in neuronal migration, which includes aberrant neuronal migration 
within and beyond the cortex (Lindsley et al 2006).  
 
MARS is part of a family of enzymes that play a critical role in protein biosynthesis by 
charging tRNAs with their cognate amino acids. MARS is a component of the multi-tRNA 
synthetase complex and catalyses the ligation of methionine to tRNA molecules; it is 
essential for appropriate translation of mRNA into protein. With regards to the relationship 
between MARS and PEE, a study using mars (-/-) mutant zebrafish reported that ethanol 
interacts with mars to regulate protein synthesis. Untreated mutants were smaller in size 
than ethanol-exposed or untreated wild type embryos, and ethanol-exposed mutants 
showed further abnormalities including a reduction in the cartilages from the first 2 
pharyngeal arches, as well as in neurocranium size (Swartz et al 2014). 
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In DVD-PEE samples, the top upregulated proteins were La Ribonucleoprotein Domain 
Family Member 1 (LARP1) and COTL1 (discussed above), while Proteasome 26S 
Subunit, Non-ATPase 13 (PSMD13) and Proteasome subunit alpha type-5 (PSMA5) were 
the top downregulated molecules. LARP1 is an RNA-binding protein that promotes 
translation of specific classes of mRNAs downstream of the mTORC1 complex (Fonseca 
et al 2015). While there has not been previous reports on the association of vitamin D and 
LARP1, there is evidence to show that 1,25(OH) 2D3 is involved in mTOR signalling 
pathway regulation by stimulating the expression of DNA damage-inducible transcript 4 
(DDIT4), which is a potent suppressor of mTOR activity (Lisse et al 2011).The results from 
the present experiment suggest that vitamin D may regulate other members of the mTOR 
signalling pathway, whereby LARP1 is a plausible candidate for further investigation. With 
regards to PEE, a direct association with LARP1 had not been previously reported; 
however, PEE has been shown to suppress mTORC1 activity in neuronal cells as well as 
other cell types such as hepatocytes and cardiomyocytes, by inhibiting P70S6K and 4E-
BP1, which are used as a hallmark of mTORC1 activation and are correlated with 
autophagy inhibition (Girault et al 2017).  
 
PSMD13 is a component of the 26S proteasome, a multiprotein complex involved in 
numerous cellular processes, including cell cycle progression, apoptosis, or DNA damage 
repair. A lung development study found that PSMD13 was one of 29 proteins dysregulated 
in lung tissue of vitamin D-deficient mice (Chen et al 2016). Another study in human colon 
cancer cells reported that 1,25(OH) 2D3 administration can dysregulate the expression of 
several members of the ubiquitin-proteasome system, including PSMD13 (Álvarez-Díaz et 
al 2010). In terms of PEE, an association with PSMD13 has not been previously reported; 
a genetic screen in alcoholic patients versus controls indicated that protein ubiquitination 
pathway was dysregulated in lymphoblastoid cells from alcoholic subjects, where several 
molecules, including PSMD13, were aberrantly expressed (McClintick et al 2014). The 
results from the present study suggest that besides chronic ethanol consumption, PEE 
may also affect the expression of PSMD13.  
 
PSMA5 is one of the 17 essential subunits that contributes to the complete assembly of 
20S proteasome complex. As mentioned above, the proteasome plays a role in several 
cellular processes that regulate neuronal development. A specific relationship between 
PSMA5 and vitamin D or PEE has not been previously described; however, pathway 
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analysis from this experiment, as well as reports in the literature, have shown that both 
DVD deficiency and PEE can affect processes that are also regulated by the proteasome, 
including cell cycle and apoptosis (Anthony et al 2008, Ko et al 2004).   
 
There were a number of limitations identified in this experiment, which can be addressed 
in future studies. While the broad approached taken in this assay served to test the 
biological plausibility of the impact of DVD deficiency and PEE on the regulation of 
proteins involved in neurodevelopment, top dysregulated candidates require independent 
validation by either performing another proteomics screen and matching altered molecules 
to those reported in this experiment, or via Western Blot. Another potential limitation was 
the tissue selected for this assay, for the reason that cerebrum samples are highly 
heterogeneous and prevent the identification of altered molecules in specific cell types. 
Lastly, the assay was performed at a single time-point (P0), which means that it is not 
known whether the alterations in candidate proteins persist into postnatal stages, or 
correlate with dysregulated behaviours. This can be addressed by evaluating expression 
levels of candidate molecules after in postnatal samples collected after behavioural 
assessments.  
 
4.4 Conclusion 
 
The results obtained in this chapter showed that maternal vitamin D status did not interfere 
with BACs or ADH levels, suggesting that there was no effect of vitamin D deficiency on 
the metabolism of ethanol. With regards to gene expression, RNA-Seq analysis first 
confirmed the effects of DVD and PEE on signalling pathways previously noted in the 
literature as vulnerable to these exposures. The assay also revealed that the combination 
group (DVD-PEE) had the most number of affected transcripts at P0, which supports the 
overarching hypothesis. However, there was no overlap of altered molecules between 
single hit exposures (DVD or PEE) or their combination, which suggests the effects of 
DVD-PEE act upon independent pathways from those affected by DVD or PEE alone. 
Furthermore, a SWATH proteomics screen showed that changes found at transcript level 
were not translated into protein, because the number of DVD-PEE affected proteins was 
much smaller and did not coincide with transcripts affected at mRNA level. In agreement 
with previous literature, these results suggest that DVD deficiency had a strong impact on 
gene transcription, while PEE had a subtler effect. These effects appeared to be 
attenuated during protein synthesis stages, resulting in a less severe effect at protein 
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level. Consequently, the effects of DVD deficiency and PEE on epigenetic regulation 
would be valuable to assess in future studies.
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Chapter 5. Effects of DVD deficiency and PEE on neonatal candidate gene 
expression and neuroanatomy. 
 
5.1 Introduction 
 
Vitamin D can regulate the expression of genes involved in important neurodevelopmental 
processes, including cell proliferation, apoptosis, neuronal migration and dopamine 
signalling (Cui et al 2010, Kesby et al 2009, Ko et al 2004). The absence of vitamin D 
during crucial stages of development has been shown to disrupt the expression of several 
transcription factors, some of which have been associated with neurodevelopmental 
disorders such as schizophrenia and autism. A study using neonatal mouse forebrain 
reported dysregulation of candidates from the reelin and neuregulin pathways in DVD-
deficient samples (Harms 2011). Dysregulated reelin and neuregulin signalling pathways 
have been associated with neurodevelopmental consequences, including altered brain 
morphology (neuregulin (O'Tuathaigh et al 2010); reelin (Badea et al 2007)), and 
behaviours analogous to the positive and negative symptoms of schizophrenia 
(Ammassari-Teule et al 2009, Krueger et al 2006, Marrone et al 2006, O'Tuathaigh et al 
2007, Salinger et al 2003). Another study on BALB/c mice reported foetal neuroanatomical 
changes and altered neural gene expression as a result of DVD deficiency. Transcripts 
involved in dopamine regulation, FoxP2 and tyrosine hydroxylase (Th), were reduced in 
DVD-deficient foetuses, while neuroproliferation markers Bdnf and Tgf-1 were increased, 
thereby highlighting the crucial role of vitamin D for normal brain development (Hawes et al 
2015).  
  
Similarly, PEE has been shown to dysregulate expression of genes important in numerous 
signalling cascades critical for normal embryogenesis, including the Sonic hedgehod, Wnt 
and Notch pathways (Ahlgren et al 2002, Li et al 2007, Serrano et al 2010, Tong et al 
2013, Vangipuram et al 2012). PEE can also disrupt the regulation of neurotransmitter 
signalling including glutamatergic, dopaminergic and GABAergic transmission (Naassila et 
al 2002, Sathyan et al 2007, Valenzuela et al 2011, Zink et al 2009, Zink et al 2011). 
Focusing on moderate dose of exposure in mice, previous studies have found subtle gene 
expression changes at embryonic stages (Yamada 2017), further alterations in adolescent 
offspring (Marjonen et al 2015), and long-lasting changes in adults (Zhang et al 2015).  
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Altered neuroanatomy has been previously reported for DVD-deficient rats and mice. 
However, results have often been in opposite directions. For example, DVD-deficient rats 
were found to have increased ventricle size and decreased cortical thickness at birth 
(Eyles et al 2003). A study in mice found a decrease in lateral ventricle volume in both 
males and females at embryonic age (E18) using ex-vivo MRI (Harms et al 2012a). 
Another study using in-vivo MRI on DVD-deficient male mice at two different time points 
(P210 and P490) showed that DVD-deficient mice had smaller ventricles, while whole 
brain and hippocampal volumes were unaffected at P210. In control mice, the volume of 
the hippocampus did not differ significantly between the two ages. However, DVD-deficient 
mice experienced a significant 20% decline in hippocampal volume from P210 to P490, 
indicating that age-related neuroanatomical changes may be potentiated in DVD-deficient 
mice (Fernandes de Abreu et al 2010). 
 
Prenatal ethanol exposure leads to varying levels of cortical dysfunction, including defects 
in neuronal migration, changes in apoptosis or cell death, alterations in cortical thickness, 
callosal connectivity, and selective reduction of GABA neurons (Cao et al 2009, 
Ikonomidou et al 1999, Miller 1986, O’Leary-Moore et al 2011, Sampson et al 1994, 
Smiley et al 2015). Other studies have identiﬁed non-cortical damage to the developing 
nervous system from prenatal ethanol exposure. For example, Livy and colleagues 
described abnormal development in the hippocampus, cerebellum, and CC following 
prenatal ethanol exposure in a rat model of FASD (Livy et al 2008, Livy et al 2003, Maier 
et al 2001). A recent study reported alterations to developmental cortical thinning across 
functionally diverse regions of cortex, and altered development of extra neocortical 
structures, with correlative behavioural deﬁcits in early adulthood, which are consistent 
with documented human patterns of birth defects present at early developmental stages 
(Abbott et al 2016). 
 
The main focus of the experiments reported in this chapter was on neonatal subjects, 
which is an important time point because data collected at this stage occurred prior to 
vitamin D reintroduction and avoided any potential environmental confounds from altered 
maternal care, housing or handling. Due to delays with accessing shared facilities, 
experiments in this chapter were run in parallel to the RNA-Seq and SWATH Proteomics 
screen discussed in Chapter 4. The main aims of this experiment were: 1) to test the 
expression levels of candidate genes obtained from previous experiments and the 
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literature; 2) to localize the protein expression of candidate markers in neonatal sections; 
and 3) to study whether DVD deficiency and PEE have large-scale impacts on the 
trajectory of brain development an effect on neonatal neuroanatomy, particularly the size 
and structure of the ventricles and hippocampus. 
 
5.2 Materials and methods 
 
5.2.1 Animals, housing and exposures 
 
Twenty adult male and 40 four-week old female C57BL/6J mice were purchased (ARC, 
Perth, WA) and housed as described in section 2.2.1. The same sires were used 
throughout the two cohorts of females to reduce variability from different sires. Dams were 
randomly allocated to one of four experimental groups (Std-H2O; Std-PEE; DVD-H2O; 
DVD, PEE) following diet and exposure methods described in section 2.2.2 and 2.2.3. 
 
5.2.2 Neonatal brain tissue collection 
 
Two litters per experimental Group were selected for molecular analyses. Within 12h from 
birth, pups were decapitated and whole cerebrum tissue was dissected. Left and right 
hemispheres were collected and snap frozen in liquid nitrogen and then stored at -80˚C. 
 
5.2.3 qRT-PCR  
 
From the brain tissue collected at birth, 44 samples (n=11/Group) were selected for gene 
expression analysis, as described in detail in section 2.2.5 Briefly, one cerebrum 
hemisphere from each sample was selected at random, RNA (1µg) was extracted and 
reverse transcribed. Primers for qRT-PCR analysis of 15 candidate were designed 
(Appendix 1). RT reactions were diluted 20 times and 3 µl was used in qRT-PCR with 1 x 
SYBR Green MasterMix and 1 µM of forward/reverse primers. Every sample was loaded in 
triplicate in each qRT-PCR plate and followed by qRT-PCR analysis. Hprt1 was used as 
housekeeper. Its expression levels were assessed across all samples using the Ct values 
from the qPCR reaction and performing a one-way ANOVA to confirm there were no 
significant changes in expression across experimental groups (Diet: F1,41=0.53, p=0.47; 
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Exposure: F1,41=0.24, p=0.63; DietxExposure: F1,41=0.38, p=0.54). Analysis of was 
performed using the comparative Ct method (Schmittgen et al 2008). 
 
 
5.2.4 Immunohistochemistry  
 
a) Neonatal brain perfusions 
 
Within 24h of birth, neonatal mice were anaesthetised by intraperitoneal injection of 0.05ml 
lethobarb (50:1) and perfused transcardially using a peristaltic pump (MasterFlex, Cole-
Parmer, IL). 6ml of 0.9M saline solution was perfused at approximately 5ml per minute, 
followed by 5ml 4% formaldehyde (FA) in saline solution. Animals were decapitated and 
skull was not removed in order to visualize craniofacial structure. Brains were immersed 
for 4 days in 5ml of the same fixative solution used for perfusion. Samples were then 
transferred into 15mL of saline solution that contained 100µM MnCl2, a contrast agent 
used in MRI in unmyelinated samples, and were placed at 4°C to incubate. 
 
b) Tissue preparation for paraffin wax embedding 
 
Fixed neonatal brain tissue were post-fixed in 10% piric acid (Sigma-Aldrich, Castle Hill, 
Australia) in 0.1 M PBS pH 7.2 for 3h. Brain tissues were washed in 0.1 M PBS to remove 
excess piric acid. Tissues were then processed for paraffix wax embedding according to 
standard protocols (Bancroft et al 2008). Samples were dehydrated by processing the 
tissues through a series of increasing concentrations of ethanol, from 50%, 70%, 90% and 
100% for approximately 1h each. Tissues were placed into a second solution of 100% 
ethanol to remove all traces of water. Tissues were then cleared in 100% xylene fir 1h at 
25C prior to being placed into warm (60C) paraffin wax (Paraplast, Lomb Scientific, Taren 
Point, Australia). Tissues were kept at 60C to assist the paraffin wax to penetrate the 
tissues. Paraffin wax was changed three times for approximately 1h each, to allow tissues 
to be completely infiltrated with paraffin wax. Tissues were then placed into embedding 
moulds that contained melted pure paraffin wax to form a block. The paraffin was wax 
rapidly set at 4C for 5min and wax embedded tissue blocks stored at room temperature.  
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c) Wax-embedded tissue sectioning 
 
Wax-embedded brain samples were sectioned using a Leica rotary microtome RM 2125 
(Leica Microsystems, Gladesville, NSW Australia). Sections 10um in thickness were cut 
and floated onto water in a water bath (40C) to stretch wax embedded tissue sections. 
Tissue sections were then collected onto silicone-coated glass microscope slides. 
Sections were dried down onto sides in an oven (35C) and then stored at room 
temperature. 
 
d) De-waxing and rehydration of wax-embedded tissue sections 
 
Wax sections on glass slides were de-waxed by placing slides into two changes of 100% 
xylene for 10mi each. Sections were placed into two changes of 100% ethanol for 5min 
each to remove excess xylene. Sections were placed into 1% H2O2 in methanol for 20min 
to control endogenous peroxide reactions. Sections were then re-hydrated in 50% 
ethanol/distilled water (dH2O) for 5min. Sections were completely re-hydrated in 100% 
dH2O.  
  
  e) Antibodies and imaging 
 
Primary antibody was the combination of 4.5 ml of blocking solution, 9 µL of DARPP-32 
and 9 µL FOXP2 (1:500 dilution). Excess blocking solution was removed, slides covered 
with 300 µL of primary antibody solution and left for 16 H in humid environment at room 
temperature. Slides were then washed three times in PBS for 15 minutes. Species specific 
secondary antibody solution was the combination of 5 µL of Anti-Rat IgG AlexaFluor(R) 
555, 5 µL of Goat AntiRabbit AlexaFluor(R) 488 (Invitrogen) and 5ml blocking solution. 
Slides were covered in blocking solution followed by 300 µL of secondary antibody and left 
in a humid environment for five hours at room temperature. Three PBS washes of slides 
occurred on the shaker for 15 minutes. Slides were placed for one minute in DAPI solution 
(3 µL DAPI with 15 µL sodium azide). Excess solution was dried; slides covered in Dabco, 
a cover slip placed on top and sealed with nail polish. Images were taken on Diskovery 
Spinning Disk, at 60x objective, NIS element selected DAPI, A488 and A568 confocal 
channels. Images were edited on Fiji 34. FOXP2 and DARPP-32 was compared to DAPI 
staining to get a qualitative level of expression.  
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5.2.5 Ex-vivo Magnetic Resonance Imaging (MRI) 
Fixed neonatal brain samples were superglued by the ventral jaw and immersed in 
perfluoroether solution (Fomblin Y06/06, Solvey Solexis, Italy). Brains were imaged in the 
16.4 Tesla microimaging facility (Bruker BioSpin; Centre for Advanced Imaging, University 
of Queensland) using a 28mm diameter SAW coil (M2M Imaging, Brisbane) using three-
dimensional diffusion-weighted spin-echo images. Diffusion weighting was applied in 
rostro-caudal direction with b-value = 1000 s/mm^2. The repetition time/echo time (TR/TE) 
of 400/20ms and diffusion pulse/mixing times of 2.5/12ms with 4 scan averaging. 8 
samples were imaged simultaneously with the field of view (FOV) of 32 X 25 x 25 mm at 
80µm isotropic resolution. The total imaging time is 16 hours.  
3D volumes of 13 brain structures (including olfactory bulb, cerebrum, basal ganglia, 
pineal gland, midbrain-hindbrain, mammillary body, cerebellum, diencephalon, inferior 
colliculus, superior colliculus, substantia nigra, temporal limb of anterior commissure, 
fimbria of hippocampus) were measured using registration of P0 MRI atlas (LONI, USC) to 
the individual brain samples. Briefly, brain masks were created using a semi-automatic 
segmentation using the program ITK-SNAP. P0 atlas was registered using FSL linear and 
non-linear image registration (FLIRT-FNIRT) (fmrib.ox.ac.uk). The result of segmentation 
was carefully inspected and edited using ITK-SNAP prior to obtaining volumetric readouts.  
 
5.2.6 Histology  
 
To assess the morphology of the tissue, selected re-hydrated wax embedded tissue 
sections were stained using hematoxylin and eosin. Sections were washed in dH2O to 
remove excess stain and then dried at room temperature. Tissue sections were mounted 
using glass coverslips and permanent mounting medium DePEX (ProSciTech, 
Thuringowa, Australia). Sections were examined using a Metafer VSlide Scanner by 
MetaSystems using Zeiss Axio Imager Z2.  
 
To measure the volume of the areas of interest (ventricles and hippocampus), analysis of 
images takes as described above was performed using NIH Image J. The regions were 
manually traced (blind to Group) following reference points to maintain consistency (Fig 23 
A,B). Volumes were calculated by converting pixel number to µm (microscope provides 
ratio), and statistical analysis was performed using SPSS (ver 24) 
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Figure 5.1. Histological analysis of neonatal brain samples. 
Samples were paraffin-fixed, sectioned (10μm thickness), stained and imaged for neuroanatomical 
measurements of (A) ventricles and (B) hippocampus. 
 
 
5.2.7 Statistical analysis 
 
Results were analysed for statistical significance using the SPSS statistics software 
package (ver. 24, SPSS Inc., Chicago, Illinois). Data were analysed using ANOVA and, 
where appropriate, repeated measures were used. Student’s t-test was used to assess the 
difference between two groups. A p value of <0.05 was considered to be statistically 
significant. 
In terms of qPCR analysis, there is no established method to test for multiple comparison 
in experiments where a large number of (potentially unrelated) candidates are assessed. 
Bonferroni correction (𝑝 = 𝛼 𝑛⁄  ) is known to be highly conservative, often resulting in 
increased False Negative findings. To address this, the results from this experiment were 
analysed with two significance thresholds (uncorrected and corrected). 
 
5.3 Results 
 
5.3.1 Gene expression of selected candidates (qRT-PCR) 
 
The expression of 15 candidate genes (Table 5.1) was assessed in a total of 44 neonatal 
cerebrum samples (n= 11/Group) via one-way ANOVA.  There was a main effect of 
Exposure in the expression of two candidates. PEE samples (Std or DVD diet) showed a 
A B 
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significant downregulation of FoxP2 (F1,40=14.441 p<0.001; Fig. 5.2A). The expression of 
Dopamine- and cAMP-regulated phosphoprotein, Mr 32 kDa (Darpp-32) in DVD-H2O 
samples appeared to be upregulated, however, the effect of Diet was not significant 
(F1,40=1.08 p=0.31; Fig. 5.2B). On the other hand, samples exposed to PEE (Std or DVD 
diet) showed a significant decrease of Darpp-32 expression (F1,40=4.34 p<0.05; Fig. 5.2B).  
The expression of the remaining 13 candidate genes, including glutamate (Vglut1, Vglut2, 
Grin3b), dopamine (Th, D2R, Tbr1) and ASD (Cntnap2, Reln, Disc1, Itga3, Itgb1, Itgb3, 
Mef2c) –related transcripts that were assessed did not show alterations as a result of Diet 
or Exposure (Fig. 5.3 A-H, Table 5.1). Taking into consideration testing for multiple 
comparisons, Bonferroni correction was carried out, after which only Foxp2 was 
dysregulated in PEE samples.  
 
 
 
Figure 5.2. Expression levels of affected candidate genes in P0 cerebrum.  
(A) There was a main effect of Exposure in FoxP2 levels. (B) There was a main effect of Exposure 
on the expression of Darpp-32. Data presented as mean  SEM, (n=11/Group). 
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Figure 5.3. Expression levels of unaffected candidate genes in P0 cerebrum.  
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Table 5.1. List of genes assessed at P0 via qRT-PCR. 
 
 p=0.05 p=0.004 
 DVD- H2O Std-PEE DVD-PEE DVD- H2O Std-PEE DVD-PEE 
Vglut2 - - - - - - 
Vglut1 - - - - - - 
Grin3b - - - - - - 
Itga3 - - - - - - 
Itgb1 - - - - - - 
Itgb3 - - - - - - 
Th - - - - - - 
FoxP2 - 
 
 
-   
Darpp-32 - 
 
 
- - - 
D2R - - - - - - 
Cntnap2 - - - - - - 
Reln - - - - - - 
Tbr1 - - - - - - 
Disc1 - - - - - - 
Mef2c - - - - - - 
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5.3.2 Immunohistochemistry 
 
This experiment was performed to visualize the protein expression and the localization of 
the candidates obtained from qRT-PCR analysis in the neonatal mouse brains of all 
groups. Due to experimental limitations (lack of viable slices), protein quantification was 
not able to be performed. The expression of FOXP2 and DARPP-32 was confirmed in 
neonatal mouse brains from all experimental groups. Based on previous literature, the 
striatum was chosen as the region of interest to assess FOXP2 and DARPP-32 
expression. FOXP2 and DARPP-32 were co-localised in most neurons in the striatum (Fig. 
5.4). FOXP2 was found to be highly expressed in the striatum, to a lesser extent within the 
neuroepithelium. DARPP-32 expression was found in the patch of the striatum, in an 
inconsistent manner, where some areas would be low or absent from expression and 
others dense (Fig. 5.4). DARPP-32 expression in the neuroepithelium was at a higher 
density compared to FOXP2. Some of the limitations in this experiment were that 
expression levels varied between animals within each Group, as well as within differing 
densities in sub-regions of the striatum. Additionally, bright staining of DARPP-32 and 
FOXP2 did not always correlate to high protein expression, but to poor cells staining and 
high background reading.  
 
 
 
 
Figure 5.4. Localization of FOXP2 and DARPP-32 in DVD-H2O mouse brain at P0. 
(i) neuroepethelium and (ii) striatum for which neurons which express FOXP2 (yellow arrow) and 
DARPP-32 (brown arrow), or combined expression (white arrow); pink arrow denotes cells which 
express neither protein. Tissue was counter stained with DAPI to identify nuclei. 
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5.3.3 Ex-vivo MRI 
 
Brain structure was analysed in 32 neonatal brains from all groups (n=8/Group). Once 
results were corrected for multiple comparison, using familywise error corrections, there 
were no significant differences between Diet, Exposure and control groups in the volume 
of any of the brain regions measured or in the overall volume of the brains (Fig. 5.5) No 
significant effect of Sex was found, therefore, data were pooled.  
Ventricle and hippocampal volume were of particular interest in this analysis, however, the 
neonatal MRI brain atlas used did not have ventricle volume measurement as an option 
and for automated segmentation and so further histological analysis and manual region of 
interest measurements was performed to obtain these results. 
 
 
Figure 5.5. Neonatal brain anatomy.  
MRI was performed on neonatal brains from all experimental groups. Thirteen brain regions were 
measured and no gross volumetric alterations were found as a result of either DVD deficiency, 
prenatal ethanol exposure or DVD-PEE mice. There was no significant effect of Sex, therefore, 
data were pooled. Data presented as log 2 mean  SEM, (n=8/Group).   
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5.3.4 Histology 
 
A total of 32 samples (n=8/Group) were processed for histological analysis. Images were 
manually scored to measure ventricular and hippocampal volume. There was no effect of 
Group in ventricle size, while there was a main effect of Diet in hippocampal volume 
(F1,28=8.316 p<0.05; Fig. 5.6 A,B), whereby DVD deficient animals (H2O or PEE) showed 
an enlargement in total hippocampal volume.  
 
 
Figure 5.6. Effects of DVD deficiency and PEE on neonatal neuroanatomy. 
(A) There were no effects of Diet or Exposure in ventricular size of neonatal samples. (B) There 
was a main effect of Diet, where animals exposed to DVD deficiency (H2O or PEE) showed an 
increase in hippocampal volume. Data presented as mean  SEM, (n=8/Group). 
 
5.4 Discussion 
 
This chapter focused on neonatal offspring of DVD deficient and PEE dams. Candidates 
obtained from the literature were assessed for gene expression, and gross neuroanatomy 
was evaluated. The main findings were 1) candidate transcripts FoxP2 and Darpp-32 were 
downregulated as a main effect of Exposure (irrespective of Diet); 2) no changes in gross 
neuroanatomy were found in MRI study; 3) histological analysis revealed an enlargement 
in hippocampal volume as a main effect of Diet (irrespective of Exposure). 
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5.4.1 Effects of DVD deficiency and PEE on neonatal candidate gene 
expression 
 
Results from this experiment showed that PEE altered the expression of FoxP2 and 
Darpp-32 in neonatal mouse brain tissue, suggesting that dopamine signalling is 
vulnerable to brief, moderate exposure to ethanol. Taking into account testing for multiple 
comparisons, Bonferroni correction was also carried out, after which only Foxp2 remained 
as significantly affected. As this was a preliminary assay to test genes of interest, the 
relevance of both Foxp2 and DARPP-32 in terms of PEE will be discussed below, with the 
limitation that further validation is required. 
 
Dysregulation of Foxp2 and Darpp-32 is a consistent finding with previous results 
highlighting the impact of ethanol on the expression of dopamine-related candidates. The 
precise mechanism by which PEE affects dopamine signalling remains unclear, however, 
the epigenetic modulation of transcripts, such as those affected in this study, may be a 
plausible mechanistic explanation that warrant further investigation in future studies. 
Additionally, the impact of the dysregulation of FoxP2 and Darpp-32 may be addressed by 
evaluating expression at protein level, and by assessing dopamine-related behaviours, 
such as communication and sociability.  
 
FoxP2 was initially associated with language, as mutations in this gene resulted in severe 
speech and language impairment. Disruptions of FoxP2 chromosomal region (7q31) have 
been linked to a spectrum of neurodevelopmental disorders, such as autism and 
schizophrenia, as well as ADHD, depression and dyslexia , for the reason that these 
disorders often present alterations in language endophenotypes (Corominas et al 2014, 
Gong et al 2003, Li et al 2005, Li et al 2013, McCarthy-Jones et al 2014, Padovani et al 
2010, Ribases et al 2012, Sanjuan et al 2006, Schaaf et al 2011, Spaniel et al 2011, 
Tolosa et al 2010, Wilcke et al 2011), although direct genetic association between FoxP2 
and specific disorders (as those mentioned above) have not been found (Gauthier et al 
2003, Laroche et al 2008, Newbury et al 2002). Furthermore, FoxP2 expression is not 
exclusive to humans and is found in several brain regions during development and 
adulthood. Therefore, rather than FoxP2 being seen as a specific speech gene, it is a 
complex transcription factor that is now known to control the expression of numerous 
targets, suggesting it is involved in multiple processes in brain development and function, 
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including neurite outgrowth and cortical neurogenesis (Chiu et al 2014, Spiteri et al 2007, 
Tsui et al 2013, Vernes et al 2011, Vernes et al 2007). Moreover, FoxP2 specifically 
affects distinct stages of neuronal maturation and its expression persists throughout 
development into adulthood, which suggests it acts in an activity-dependent manner 
(Ferland et al 2003).  
 
FoxP2 is broadly distributed throughout the mouse brain; it extends to lower cortical layers 
(majority Layer VI), striatum, mesolimbic and nigrostriatal dopaminergic systems, thalamic 
somatosensory areas, cerebellum (Purkinje cells), inferior olivary complex, olfactory 
system and ascending auditory and visual relays (Campbell et al 2009, Ferland et al 
2003). This widely distributed expression suggests that FoxP2 interacts with genetic 
factors that define a number of circuits and pathways, and does not regulate selective 
circuits involved in verbal or vocal functions (Campbell et al 2009). 
 
During postnatal development, all FoxP2+ neurons in Layer VI of the cortex co-localize 
with Tbr1, which is a transcription factor, crucial for Layer VI development for the reason 
that it defines major efferent and afferent innervations. Previous work on Tbr1-/- mutant 
mice has shown major cortical malformations (Hevner et al 2001). FoxP2 and Tbr1 have 
also been shown to interact via a T-box domain in Tbr1 (Deriziotis et al 2013, Sakai et al 
2011). Furthermore, FoxP2 neurons in layer VI express Tbr1 from P0 to P7. Tbr1 begins to 
be expressed in layer VI at E11.5, while FoxP2 is initially expressed at E14.5 (Bulfone et al 
1995, Ferland et al 2003, Hevner et al 2001). This suggests that Tbr1 may regulate the 
expression of FoxP2 (at least in layer VI of the developing cortex). Nevertheless, Tbr1 was 
not altered in DVD deficient or PEE samples, suggesting FoxP2 regulation may be altered 
through a different pathway, such as via the epigenetic marker MiR-9 (Pappalardo-Carter 
et al 2013). 
 
FoxP2 has been shown to be upregulated after white noise stimulation in mice, further 
suggesting its expression is activity dependent (Horng et al 2009). Moreover, studies in 
FoxP2 mutant mice have shown that dopamine levels are dramatically affected in cortico-
striatal structures, while serotonin levels where altered in nucleus accumbens (NAcc) 
(Enard et al 2009). NAcc is particularly implicated in reward-associated learning, and 
FoxP2 heterozygous mice show a specific underactivation pattern to Drd1-positive 
neurons in this region; also, FoxP2-NAcc knockdown mice show attenuation of cocaine-
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induced locomotor behaviour, as well as decreased social preference (Mombereau et al 
2013). 
 
Furthermore, work on FoxP2 function during adulthood using songbirds and mice have 
shown a tight link between FoxP2 and the ability to learn and modify the accuracy of 
socially driven vocalizations, with the involvement of the dopaminergic system (Murugan et 
al 2013). For example, adult birds with a FoxP2 knockdown mutation in Area X 
(homologue to mammalian basal ganglia) show 1) impairments in timing signal sensitivity, 
which is modulated by dopamine receptor 1 (Drd1), and 2) decreased levels of the key 
dopamine signalling regulator, DARPP32 (Murugan et al 2013, Teramitsu et al 2006). 
 
Darpp-32 is expressed in the majority of medium-sized spiny neurons (MSN) in the 
striatum (Ouimet et al 1998, Walaas et al 1984), and is significantly less prominent in other 
brain regions, such as deep cortical layers. Darpp-32 activity in striatal neurons is 
associated with modulation of cyclic-AMP (cAMP) (Anderson et al 2005) and has been 
proven to be fundamental in the modulation of DA-mediated effects in the brain (Walaas et 
al 1983). Furthermore, Darpp-32 is phosphorylated in response to DA upon dopamine 
receptor 1 (Drd1) activation, which in turn results in strong inhibition of protein 
phosphatase-1 (PP-1) and thereby prevents dephosphorylation further.   
 
Darpp-32 is also an important NMDAR regulator. Upon phosphorylation (via cAMP/PKA 
pathway activation), Darpp-32 inhibits the phosphatase PP1 (Greengard et al 1999). 
Furthermore, PKA (from cAMP/PKA pathway) phosphorylates NR1, which contributes to 
enhanced channel activity, while PP1 dephosphorylates this subunit. NR1 activation 
paired with PP1 inhibition, maintains NR1 subunit in a phosphorylated state. Additionally, it 
was recently reported that the Darpp-32/PP1 cascade serves as a regulatory mechanism 
for neostriatal NMDARs in the presence of ethanol, which like other drugs of abuse, 
increases dopamine release in the neostriatum (Maldve et al 2002).  
 
5.4.2 Effects of DVD deficiency and PEE on neonatal brain anatomy 
 
MRI was performed on neonatal brains from animals of all experimental groups; 
performing the imaging on neonatal brains allows for the visualization of gross 
neuroanatomical abnormalities caused by the prenatal exposures excluding any postnatal 
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environmental confounds. Results showed that gross brain anatomy was unaffected by 
DVD deficiency and PEE, as there was no significant difference in total brain volume and 
that of 13 broad regions using automated segmentation. Further histological analysis, 
which allowed for more detailed analysis, revealed no changes in lateral ventricle volumes, 
and a significant main effect of Diet, showing increased hippocampal volume. These 
findings were unexpected, based on what has been previously reported in the literature. 
DVD deficiency in neonatal rats was associated with increased ventricle size and 
decreased cortical thickness (Eyles et al 2003). Studies in mice have shown a reduction in 
ventricular size independent of a change in whole brain volume (Fernandes de Abreu et al 
2010, Harms et al 2012a), which may suggest that another brain structure has increased 
in size. DVD-deficient male mice tested at two different time points, P210 and 490 (30 and 
70 weeks of age) had smaller ventricles at P210 but not at P490. With regards to the 
hippocampus, there was a 20% reduction in hippocampal volume between P210 and P490 
in DVD-deficient mice, while there was no significant change in controls (Fernandes de 
Abreu et al 2010), suggesting that DVD deficiency exacerbates age-related 
neuroanatomical alterations. Harms (Harms et al 2012a) studied both males and females 
and encountered a decrease in hippocampal volume in neonatal females, which was 
normalized in adults, potentially indicating that neuronal migration and differentiation at 
birth may be altered, resulting in an under-developed hippocampus, which may then be 
corrected by either postnatal development or the reintroduction of vitamin D at birth.  
 
In ethanol exposure studies, an overall ethanol-induced growth retardation was found in 
GD17 embryos that were exposed to an acute dose of ethanol on GD8. Additionally, 
disproportionate reductions in the olfactory bulbs, hippocampus and cerebellum were 
found, as well as an increase in ventricular volumes (Parnell et al 2009). In another study 
(Parnell et al 2014), a decrease in cerebellar volume and an increase in septal volume was 
found in animals exposed to ethanol at GD7-10, while a reduction in hippocampal volume 
and enlarged pituitaries was observed in animals exposed to ethanol at GD12-16. A more 
recent MRI study on adult mice exposed to moderate PEE (GD0-8) reported a small 
decrease in total brain volume, and after normalizing for total brain volume, the 
hippocampus and lateral ventricles of PEE mice were enlarged, while the olfactory bulb 
was reduced and no changes were found in cerebellar volume (Marjonen et al 2015). 
These findings highlight an ethanol ‘stage of exposure’-dependent structural brain 
abnormalities and stress the vulnerability of certain brain regions during the first trimester 
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of pregnancy. However, findings from this experiment were not consistent with previous 
literature, as no effects of PEE were found on any of the brain regions measured by MRI 
or histology. One possible explanation for these discrepancies is the age at which scans 
were taken (neonates vs adults), which suggests the effects of PEE may have a delayed 
effect in terms of neuroanatomical alterations, whereby changes are undetectable during 
early postnatal stages and become more noticeable in adulthood. Another explanation 
could be due to technical limitations found in this experiment, which included low image 
resolution in P0 MRI scans due to poor contrast caused by low myelination in neonatal 
brain samples. Further studies are required to optimize the quality of P0 MRI scans and 
measure specific regions of interest with equivalent accuracy as in adult samples. 
 
 
5.4.3 Conclusion 
 
The outcomes from this chapter showed that the combination of DVD deficiency and PEE 
did not result in exacerbated alterations. Gene expression analysis showed that PEE 
altered the expression of FoxP2 and Darpp-32, transcription factors involved in dopamine 
regulation, expressed in striatal MSNs. On the other hand, gross neuroanatomy was not 
affected in PEE samples, while a subtle change in hippocampal volume was found as a 
result of DVD deficiency. Overall, the results in this chapter suggest that the effects of 
DVD deficiency and PEE act upon separate pathways in terms of neurodevelopment 
regulation.  
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6 
Behavioural phenotype of 
juvenile C57BL/6J mice 
exposed to DVD deficiency 
and PEE 
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Chapter 6. Behavioural phenotype of juvenile C57BL/6J mice exposed to DVD 
deficiency and PEE. 
 
6.1 Introduction  
 
Autism spectrum disorder (ASD) is a neurodevelopmental syndrome, with a prevalence of 
approximately 1% of the population CDC 2014 (Elsabbagh et al 2012, Kim et al 2011). 
ASD includes conditions such as autism, childhood disintegrative disorder and Asperger 
syndrome, and is diagnosed based on behavioural criteria (Happé et al 2008, Landa 2008, 
Lord et al 2000, Rapin et al 2008). There are no defined biological markers for ASD and 
the diagnostic manual of the World Health Organization (WHO) requires the presence of 
core elements in three specific categories for autism diagnosis: abnormal reciprocal social 
interaction, impaired communication and repetitive behaviours. These elements have been 
used as guidelines for the development of mouse models of autism, including behavioural 
tasks designed to maximize relevance to the types of deficits observed in autism patients. 
such as reciprocal social interaction, social approach, social preference (category 1), 
ultrasonic vocalizations (USV), urinary pheromones, olfactory habituation (category 2), 
marble burying, self-grooming and reversal learning (during T maze test) (category 3) 
(World Health Organization. The ICD‑10 Classification of Mental and Behavioural 
Disorders).  
 
Developmental vitamin D (DVD) deficiency is a plausible risk factor for ASD (Fernell et al 
2010, Grant et al 2013, Grant et al 2009, Pioggia et al 2014, Saad et al 2015). For 
example, studies in humans have found significantly reduced vitamin D levels in ASD 
children compared to healthy controls (Pioggia et al 2014, Wang et al 2016b). Vitamin D 
deficiency has been directly linked with a number of maternal factors that are individually 
considered risk factors for ASD, including diabetes, preeclampsia, dysregulated 
steroidogenesis, depression and maternal infection (Aghajafari et al 2013, Merewood et al 
2009). Additionally, vitamin D supplementation during pregnancy has been shown to 
reduce the risk of pregnancy complications (De-Regil et al 2016). Overall, the relationship 
between vitamin D status and numerous maternal factors suggests that DVD deficiency 
may modulate or exacerbate the effects of other ASD risk factors.  
DVD-deficient rats display increased locomotor sensitivity to NMDA antagonists and 
impairments in cognitive function in adult offspring (Eyles et al 2003, Kesby et al 2006, 
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Overeem et al 2016). However, its effects at earlier time points have not been thoroughly 
described in relation to neurodevelopmental disorders. One study found altered maternal 
retrieval behaviour during a maternal isolation test, but showed no changes in ultrasonic 
vocalizations (Burne et al 2011a). Studies in juvenile DVD-deficient mice focusing on ASD-
related domains have not been reported.  
 
Similarly, prenatal exposure to ethanol is considered a risk factor for neurodevelopmental 
disorders. However, the literature is not clear on the relationship/causality between PEE 
and autism, though a number of studies have reported some of the effects of PEE on 
behaviours relevant to neurodevelopment, such as communication, and sociability. A study 
on PEE rats showed reduced pup vocalizations and increased latency to call (Hashimoto 
et al 2001, Motomura et al 2002), which may then alter maternal care and have an impact 
on social behaviour. Previous studies using PEE rats have found impairments in a number 
of sociability tasks, where PEE males showed altered behaviours in the goal-box task, 
cagemate interaction and play-fight assessment (Meyer et al 1986).  
 
Dopaminergic dysfunction has been previously implicated in autism (Young et al 1982). 
DA modulates motor activity, attentional skills, social behaviour, and perception of the 
outside world, all of which are abnormal in autism. DA-receptor antagonists have shown 
the most consistent clinical efficacy in controlled trials in autism (Happé et al 1996). Animal 
models for autism have used the BTBR mouse strain owing to face validity, based on the 
reliable and robust expression of behavioural phenotypes reminiscent of clinical 
manifestations of ASD, including social and communication deficits, increased repetitive 
behaviours and impaired cognitive flexibility (Scattoni et al 2011, Silverman et al 2009, 
Yang et al 2012).  Previous studies have shown substantially blunted striatal and 
mesolimbic DA neurotransmission in BTBR mice, which was associated with dysfunctional 
pre- and postsynaptic D2R signalling (Squillace et al 2014). The mesolimbic DA system is 
comprised of midbrain dopaminergic projections from the ventral tegmental area (VTA) to 
the NAcc and prefrontal cortex (PFC), structures closely associated with the limbic system 
(Spanagel et al 1999). The DA dysregulation observed in BTBR mice may play a role in 
cognitive flexibility deficits observed in this mouse line, which is another behavioural trait 
that serves as a plausible proxy for restricted interests and repetitive behaviours observed 
in ASD patients (Squillace et al 2014).  
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The overarching hypothesis for these experiments was that the absence of vitamin D 
during development would exacerbate the deleterious effects of alcohol exposure, where 
animals undergoing DVD deficiency and PEE would present a stronger phenotype than 
those exposed to a single ‘hit’. The first aim of this chapter was to characterize the 
behavioural phenotype of animals exposed to DVD deficiency and PEE with a focus on 
autism-related behaviours at early developmental ages starting with basic communication 
patterns at early developmental stages (P7), followed by locomotion and sociability at a 
prepubescent age (P21), and later test candidate genes involved in the regulation of these 
behaviours (Cntnap2, Mef2c). The second aim was to assess the expression of a number 
of developmentally regulated genes in animals exposed to both exposures. Following from 
results in neonatal tissue (Chapter 5), FoxP2 and Darpp-32 were of particular interest, 
along with genes that may modulate these markers, as well as others that play a role in 
the regulation of DA synthesis (Th, Maoa, Vmat2, Aadc, Drd1, D2R) and glutamatergic 
signalling (Vglut1, Vglut2). 
 
6.2 Materials and methods 
 
6.2.1 Animals, housing and exposures 
 
Forty adult male and 60 four-week old female C57BL/6J mice were purchased (ARC, 
Perth, WA) and housed as described in section 2.2.1. The first 20 sires were used 
throughout the first two waves to reduce variability from different sires and the second 
group of 20 was used with the last cohort of females. Dams were randomly allocated to 
one of four experimental groups (Std-H2O; Std-PEE; DVD-H2O; DVD, PEE) following diet 
and exposure methods described in section 2.2.2 and 2.2.3. 
 
6.2.2 Ultrasonic vocalizations (P7) 
 
A total of 124 pups (8 males, 12 females Std-H2O; 15 males, 12 females Std-PEE; 20 
males, 23 females DVD-H2O; 19 males, 15 females DVD, PEE) were tested at P7 in the 
USVs and maternal potentiation, adapted from (Scattoni et al 2009b). Each pup was 
placed into an empty cage and assessed for USVs during a 150s recording session 
(baseline measurement), then reintroduced into the cage with its mother and the 
littermates for 2.5min. After which the pup was again placed in the clean empty cage for 
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another 2.5min. Latency to first call, total number, type of calls, and difference between 
second and first trials were recorded.  
 
During the test, an ultrasonic microphone (Noldus Information Technology, Leesburg, VA, 
USA) sensitive to frequencies between 10 and 125 kHz was suspended 10 cm above the 
cage. Ultrasonic vocalizations were recorded using Ultravox XT software (Noldus 
Information Technology, Leesburg, VA, USA). Settings included sampling rate at 250kHz; 
format bit 16 bit. For acoustical analysis, spectrograms were generated with a time window 
overlap of 50%. The spectrogram was produced at a frequency resolution of 488Hz and a 
time resolution of 1ms. A lower cut-off frequency of 35 kHz was used to reduce 
background noise outside the relevant frequency band to 0dB. Automatic recognition was 
used to detect total number of calls, which were then –blind to treatment- manually verified 
and scored for type of call, repertoire from (Scattoni et al 2009a). 
 
 
 
 
 
 
 
Figure 6.1. Ultravox XT software. 
 
6.2.3 Social interaction (P21) 
 
At 21 days of age, litters from all four experimental groups (8 males, 14 females Std-H2O; 
18 males, 12 females Std-PEE; 27 males, 26 females DVD-H2O; 20 males, 15 females 
DVD, PEE) underwent a sociability test, adapted from (Crawley 2007). Briefly, testing took 
place in 2 stages. First, each animal was placed in the centre chamber of the testing arena 
and locomotor activity was monitored for 5 min. Secondly, a novel animal was placed in 
one-of-two small, round, wired cages located on each of the side chambers and the pup’s 
activity was recorded for 5 min. Analysis consisted on evaluating locomotor activity in a 
A 
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novel arena during trial A and time spent near the novel mouse versus the empty wired 
cage during trial B. 
 
 
Figure 6.2. Social Interaction. 
(A) Illustration of the 3-chamber social interaction test. 
 
6.2.4 mRNA expression of candidate genes 
 
A total of 32 (n=4/Group/Sex) cerebrum samples collected at P21 were selected for gene 
expression analysis. Quantitative PCR was performed and analysed as described in 
section 2.2.5. Hprt1 was used as housekeeper. There were no significant effects of Group 
on its expression levels (Diet: F1,29=0.20, p=0.66; Exposure: F1,29=0.05, p=0.82; 
DietxExposure: F1,29=0.02, p=0.89). The genes that were assessed are listed below (Table 
6.1) (primer sequences found in Appendix 1). 
 
  
A 
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Table 6.1. List of candidate genes and relevant pathway assessed at P21. 
 
Gene of Interest Relevant Pathway 
Vglut1 Glutamatergic signalling 
Vglut2 Glutamatergic signalling 
FoxP2 Dopamine regulation/ communication behaviours 
Darpp-32 Dopamine regulation 
Th Dopamine regulation 
Maoa Dopamine regulation 
Vmat2 Dopamine regulation 
Aadc Dopamine regulation 
Drd1 Dopamine receptor 1 
D2R Dopamine receptor 2 
Cntnap2 Autism-related gene 
Mef2c Autism-related gene 
 
6.2.5 Statistical analysis 
 
Results were analysed for statistical significance using the SPSS statistics software 
package (ver. 24, SPSS Inc., Chicago, Illinois). Where no significant Group x Sex 
interactions were encountered, data were presented pooled for sex. Data were analysed 
using ANOVA and. Student’s t-test was used to assess the difference between two 
groups. A p value of <0.05 was considered to be statistically significant. 
 
In terms of qPCR analysis, there is no established method to test for multiple comparison 
in experiments where a large number of (potentially unrelated) candidates are assessed. 
Bonferroni correction (p=α⁄n ) is known to be highly conservative, often resulting in 
increased False Negative findings. To address this, the results from this experiment were 
analysed with two significance thresholds (uncorrected and corrected).   
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6.3 Results 
 
6.3.1 Ultrasonic vocalizations (P7) 
 
At P7, 124 pups from all groups underwent a maternal separation/potentiation test. 
Animals from all groups emitted significantly more calls during the second isolation trial 
than on the first (F1,116=62.002, p=0.000 Fig. 6.3A). There was a main effect of Sex 
(F1,116=5.58, p=0.02, Fig. 6.3B) where males made more calls than females. DVD-H2O 
pups emitted more calls during the second isolation trial compared to controls (Std- H2O), 
however this did not reach significance (F1,116=3.4, p=0.068, Fig. 6.3C). A one-way 
ANOVA revealed a significant increase in calls made by Std-PEE male pups compared to 
controls (Std- H2O) (t=38.5, df=16.77 p=0.05; Fig. 6.3C), while there was no effect in DVD-
PEE pups, and a main effect of Diet x Exposure was also encountered (F1,116=4.3, 
p=0.04). There was a main effect of Diet x Exposure in five types of calls during the 
potentiation trial (Fig. 6.4), Downward (F1,116=3.9, p=0.049), Frequency Steps (F1,116=7.6, 
p=0.007), Single Harmonic (F1,116=11.3, p=0.001), Two-component (F1,116=5.5, p=0.020), 
Upward (F1,116=5.9, p=0.017). 
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Figure 6.3. Ultrasonic vocalizations at P7.  
Ultrasonic vocalizations were assessed in C57Bl/6J mice at P7 in two 2.5min trials. (A) Rate of 
calling between trial A and B is significantly different across all groups, showing maternal 
potentiation. (B) Males from the control and single exposure groups presented a greater number of 
calls than females during trial B. (C) Exposure to DVD deficiency alone, as well as PEE increases 
frequency of calling in males; exposure to DVD-PEE had no effect in rate of calling (Data shown is 
for second trial). (D) Exposure to DVD deficiency, PEE and the combination of both increased the 
frequency of calling in females, however not significantly.  
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Figure 6.4. Call types quantification at P7.  
 
Ultrasonic vocalizations were classified into eleven different types and then quantified for the 
potentiation trial in C57Bl/6J mice at P7. (A) Number of calls emitted by males of all experimental 
groups. (B) Number of calls emitted by females of all experimental groups. Data presented as 
mean SEM, ^ represents significant main effect of Diet x Exposure p<0.05. n>8/Group/sex. 
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6.3.2 Locomotion (P21) 
 
During the first 5min trial of the sociability task, animals were free to explore the three 
chambers for 5min and locomotor activity was assessed. PEE males (Std diet) showed 
significant hyperactivity compared to control males (Std-H2O) (t=5.6, df=76, p<0.001, Fig. 
6.5A). Males from the DVD-H2O and DVD-PEE did not show changes in locomotion. 
Similarly, there was no effect of Diet or Exposure in females. 
 
Figure 6.5. Locomotion at P21. 
Locomotion was assessed in P21 animals during the first trial of the social interaction task (5min). 
(A) Std-PEE males showed hyperlocomotion compared to controls (Std-H2O), whereas males from 
the DVD-H2O and DVD-PEE groups did not present significant hyperactivity. (B) There were no 
significant effects of Diet or Exposure in females. Data presented as mean SEM, * p<0.05. 
n>8/Group/sex. 
 
 
6.3.3 Social interaction (P21) 
 
At P21, total of 141 pups from all four experimental groups (Waves 2, 4 and 5) underwent 
the 3-chamber social interaction test. There was a main effect of Sex x Exposure, where 
male pups prenatally exposed to ethanol (Std or DVD diet) failed to show a preference for 
the stimulus mouse vs the empty cup (trial B), whereas control (Std- H2O) animals spent 
significantly longer time interacting with the stimulus mouse (F3,137=8.279, p=0.004; Fig. 
6.6 A) than in the empty side. There was no effect of Diet or Exposure in females (Fig. 6.6 
B).  
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Figure 6.6. Social Interaction at P21.  
Sociability was assessed in C57Bl/6J mice at P21 in three 5min trials (habituation, social 
interaction, social novelty). (A) Std- H2O males spent significantly longer time with the novel mouse 
than in the empty side, while Std-PEE and DVD-PEE pups failed to show a preference towards the 
novel mouse. (B) Females from all groups showed preference towards the novel mouse compared 
to the empty side. Data presented as mean SEM, * p<0.05. n>8/Group/sex. 
 
6.3.4 mRNA expression of candidate genes 
 
The expression of twelve candidate genes was assessed in cerebrum tissue samples 
collected at P22. Following from results obtained at P0, FoxP2 was of particular interest, 
however, its expression was not altered at P21. The other gene of interest, Darpp-32, 
showed a main effect of Exposure, whereby PEE (Std or DVD diet) animals showed 
increased levels of Darpp-32 (F1,28= 7.859 p<0.05, Fig. 6.7 A,D). Additionally, D2R was 
increased in DVD animals (H2O or PEE) (F1,28= 8.074 p<0.05, Fig. 6.7 B,E). There was no 
significant effect of Group on TH expression, however, there was a main effect of Sex on 
the expression of this gene (F1,28= 7.971 p<0.05, Fig. 6.7 C,F). The expression of the 
remaining 8 candidate genes, including glutamate (Vglut1, Vglut2), dopamine (Maoa, 
Vmat2, Aadc, Drd1) and ASD (Cntnap2, Mef2c) –related transcripts that were assessed 
did not show alterations as a result of Diet or Exposure (Table 6.2). Considering testing for 
multiple comparisons, a more conservative analysis method was carried out, following the 
same fashion as in Chapter 5. None of the candidates that were significantly altered via 
one-way ANOVA were significantly different using a corrected p value. 
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Figure 6.7. Expression levels of affected candidate genes in P21 cerebrum.  
(A, D) There was a main effect of Exposure in Darpp-32 levels. (B, E) There was a main effect of Diet on the expression of D2R. (C, F) There was a 
main effect of Sex on the expression of TH. (D-L) (n=4/Sex/Group). Data presented as mean SEM. n=4/Group/sex. 
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Table 6.2. Expression levels of unaffected candidate genes on P21 cerebrum. 
 
  Std-H2O DVD-H2O Std-PEE DVD-PEE 
  Males 
(n=4) 
Females 
(n=4) 
Males 
(n=4) 
Females 
(n=4) 
Males 
(n=4) 
Females 
(n=4) 
Males 
(n=4) 
Females 
(n=4) 
Transcript Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM 
Vglut1 1.000 0.375 1.000 0.495 1.158 0.258 0.765 0.254 0.740 0.239 0.661 0.237 0.905 0.235 1.651 0.284 
Vglut2 1.000 0.527 1.000 0.292 1.127 0.517 1.283 0.188 1.449 0.493 1.245 0.230 0.859 0.395 3.431 1.164 
FoxP2 1.180 0.310 0.820 0.310 1.590 0.320 1.280 0.330 1.380 0.210 1.230 0.200 1.650 0.200 2.040 0.570 
Maoa 1.000 0.106 1.000 0.288 1.148 0.157 1.513 0.168 1.465 0.300 1.281 0.204 1.110 0.127 1.215 0.200 
Vmat2 1.000 0.430 1.000 0.293 1.430 0.231 1.100 0.173 1.072 0.338 1.082 0.197 1.404 0.316 1.523 0.300 
Aadc 1.000 0.566 1.000 0.460 1.302 0.260 1.247 0.136 1.210 0.332 1.451 0.496 1.446 0.323 2.101 0.537 
Drd1 1.000 0.273 1.000 0.299 0.918 0.142 1.204 0.112 0.903 0.072 1.018 0.182 0.980 0.147 1.340 0.449 
Cntnap2 1.080 0.150 0.920 0.390 0.960 0.460 0.970 0.100 1.140 0.220 1.070 0.090 1.240 0.180 1.550 0.310 
Mef2c 1.000 0.305 1.000 0.396 1.675 0.228 0.877 0.084 1.035 0.264 0.574 0.059 1.752 0.510 1.293 0.192 
 
 
 
. 
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6.4 Discussion 
 
The main behavioural findings (P7-21) were increased calling rate in PEE male pups, 
altered distribution of call types amongst both DVD and PEE groups, and increased 
locomotion and impaired social interaction in prepubescent PEE males. No behavioural 
alterations were found in female mice when compared to the control group. Furthermore, 
expression of two genes was altered, Darpp-32 was increased as a main effect of 
Exposure, while D2R was increased by DVD deficiency, neither of them showed an effect 
of Sex. While there was no significant effect of Group, there was a main effect of Sex on 
TH expression. These results indicate that DVD deficiency did not increase the offspring 
vulnerability to PEE, but rather partially reversed the phenotype observed in mice with a 
single exposure to PEE.  
Table 6.3. Summary of Behavioural Phenotype in Juvenile Offspring.  
 
Test DVD- H2O Std-PEE DVD-PEE 
 ♂ ♀ ♂ ♀ ♂ ♀ 
Ultrasonic 
Vocalizations 
- - 
 
- - - 
Locomotion - - 
 
- - - 
Social Interaction - - 
 
- 
 
- 
Darpp-32 - - 
  
- - 
D2R 
  
- - 
  
 
6.4.1 DVD deficiency and PEE on ultrasonic vocalizations 
 
Previous DVD deficiency studies on USVs in mice are lacking. One study in rats examined 
neonatal isolation-induced pup ultrasonic vocalizations and maternal–infant interactions 
using a pup-retrieval test in DVD deficient and control rats. DVD deficient dams retrieved 
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their pups sooner than control dams and engaged in more pup directed activities (sniffing 
and carrying pups). However, no significant effect of maternal diet was found on the calling 
rate of isolation-induced USVs by pups (Burne et al 2011b). These findings are in 
agreement with those found in the present study, where DVD deficient pups did not show 
alterations in the rate of calling compared to controls (Std-H2O); additionally, there was no 
effect of DVD deficiency combined with PEE in the vocalization rate.  
With regards to ethanol exposure, mixed results have been reported. Marino et al (2002) 
conducted a study on perinatal ethanol exposure on USVs and maternal-infant interactions 
and found that maternal behaviours at P2, 4, 6, 8 and 10 were unaffected by ethanol 
exposure to the dam or the pups. However, vocalizations examined at P5 revealed a 
significant increase in total calls by ethanol-exposed pups compared to controls, 
regardless of the isolation condition. On the other hand, others have reported a decrease 
in the rate of calling at various time points (P3,9,14). For example, a study looking at the 
effects of ethanol and cocaine exposure in rat pups showed that cocaine had no effect on 
USVs, while ethanol or ethanol and cocaine caused a deficit in the rate of calling across a 
6min isolation test (Barron et al 2005). The altered vocalization response of ethanol-
exposed pups might be an underlying factor in the persistent effects of prenatal ethanol 
exposure on social behaviour. Further, sonographic analysis of nine different call types 
revealed a selective effect of ethanol on certain waveforms rather than an overall 
reduction across all types (Barron et al 2005). Detailed sonographic analysis provides a 
deeper insight while studying USVs, as others (prenatal malnutrition) have reported 
alterations in waveform topography but not on the frequency of vocalizations (Tonkiss et al 
2003).  
Neonatal mice make both simple and more complex types of USVs, but their specific 
function is still unclear. However, it is possible that more complex calls are of particular 
importance in maternal-offspring interactions, as sounds are easier to locate if the call 
consists of multiple sound frequencies. This supports preliminary findings in our study, 
where multi-frequency calls, including Two Component, Single Harmonic and Frequency 
Steps, were particularly altered in Std-PEE and DVD-PEE pups. Prior research on PEE 
has shown a delay in PEE pup retrieval by their own dam or a control dam, which 
suggests that PEE pups may not effectively communicate their needs to their dam, 
causing a deficit in maternal and pup-directed behaviours that other pups do by vocalizing. 
D’Amato’s (2001) study suggests that the amount of USV’s emitted by the pup is 
modulated by the dam’s promptness to respond to the pups needs, therefore, if pups do 
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not respond appropriately either during isolation or in the presence of the dam, it would 
have a further impact on maternal behaviour, which in turn can have long-term adverse 
effects (Fleming et al 1999, Ogilvie et al 1997, Ward et al 2002) on adult sexual behaviour, 
hypothalamic-pituitary adrenal axis development (Liu et al 1997, Moore et al 1997), as well 
as learning and memory (Barbazanges et al 1996, Lévy et al 2003).  
 
6.4.2 DVD deficiency and PEE on social interaction 
 
DVD deficiency studies on social behaviour are very limited, and no alterations have been 
reported in rats (Burne et al 2004b). Both clinical and animal studies have shown that 
ethanol exposure may have detrimental effects on social behaviour. There are multiple 
ways to assess social domain deficits in rodents. For example, a study on the effects of 
developmental exposure to ethanol assessed social behaviour in rats at P30 using the 
alley maze, containing a cage mate in a “goal box”. Animals underwent various forms of 
isolation and the latency to reach the goal box, as well as the social behaviour once inside 
the goal box were examined. The study showed that PEE rats ran faster than control rats 
towards the goal box, and exhibited aberrant social interactions with their cage mate, 
including increased anogenital sniffing, chasing, hopping and darting, which after 
accounting for motivational state and social learning, might indicate increased 
responsiveness to social stimuli (Lugo et al 2003).  Another study examined play-fighting 
behaviour in juvenile PEE rats and found a reversed pattern to the usual sexually 
dimorphic behaviour. Males normally engage in play behaviour more than females, 
however, PEE males play-fought less than controls, while PEE females played more than 
female controls (Meyer et al 1986). Similarly, a study conducted in artificially reared rats 
(postnatal ethanol administration), found a decrease in active social interactions in males 
and a decrease in females (P90-95) relative to sex-matched controls, which is the opposite 
of this sexually dimorphic behavioural pattern (Kelly et al 1994). Other behaviours were 
also altered in the same sexually dimorphic pattern, including saccharin preference, 
performance in the Lashley III maze (McGivern et al 1988), which could be mediated by 
sex differences in the effect of ethanol exposure, with some male systems being more 
sensitive to ethanol exposure, different to those vulnerable systems in females. Results 
from our experiments are somewhat in agreement with these findings, given that PEE 
male pups presented a social deficit in the 3-chamber social interaction test, while females 
were unaffected. 
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6.4.3 DVD deficiency and PEE on gene expression 
 
Gene expression analysis on a list of candidates relevant to ASD, glutamatergic and 
dopaminergic signalling revealed that DVD deficiency did not exacerbate the effects of 
PEE in the expression of the selected genes. There was a main effect of DVD deficiency 
on the expression of D2R, and a main effect of PEE on Darpp-32 expression, though in 
the opposite direction to that observed at birth. While none of these candidates passed the 
Bonferroni correction, they are plausible candidates that may indeed be vulnerable to the 
effects of DVD deficiency and PEE when assessed in a tissue specific manner and across 
various time points. Therefore, their biological significance with respect to DVD deficiency 
and PEE will be discussed below.   
DA is a neurotransmitter from the catecholamine family, along with norepinephrine (NE) 
and epinephrine (EPI). DA modulates processes and behaviours that are altered in 
individuals with ASD, including cognitive processes (Hughes et al 1994, Mostofsky et al 
2000), motor functions (Vilensky et al 1981) and emotional regulation (Gaigg et al 2007). 
Moreover, the striatum is the major input structure of the basal ganglia (composed of 
nuclei such as striatum, globus pallidus, and subthalamic nucleus); the basal ganglia 
process cortical information via either the direct or indirect pathway. Nigrostriatal DAergic 
neurons modulate striatal activity by different DA receptors expressed by GABAergic 
medium spiny neurons (MSNs) from these pathways. DA receptors are defined by their 
effect on adenylate cyclase activity (Kebabian et al 1979)- D1 class encompasses D1 and 
D5 receptors, these are coupled to stimulatory G-proteins that increase adenylate cyclase 
activity, while D2 class of receptors includes D2, D3 and D4 receptors, which are coupled 
to G-proteins that decrease adenylate cyclase activity (Svenningsson et al 2004). 
Furthermore, the opposing downstream effects of D1 and D2 receptor activation are 
mediated by Darpp-32, which is a critical modulator of DA signal transmission and controls 
a range of downstream physiological effects (Svenningsson et al 2004). DA D1 and D2 
receptors, as well as Darpp-32 are highly expressed in MSNs in striatum (in mice, rats, 
non-human primate and human brain) (Bergson et al 1995, Levey et al 1993, Ouimet et al 
1992), whereby D1 receptors are found in striatonigral neurons of the direct pathway, D2 
receptors are found in striatopallidal neurons of the indirect pathway (Gerfen et al 1990), 
and Darpp-32 is found throughout the striatum (Ouimet et al 1992). 
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Moreover, studies in rats have consistently shown that DVD deficiency alters dopamine 
signalling. For example, adult female DVD rats are more sensitive to the locomotor 
enhancing effects of amphetamine, a dopamine-releasing agent (Kesby et al 2009). Adult 
DVD-deficient rats were also more sensitive to the dopamine receptor antagonist 
haloperidol (Kesby et al 2006). In neonatal forebrain tissue, DVD deficiency has been 
shown to reduce levels of expression of the dopamine-metabolizing enzyme catechol-O-
methyltransferase (COMT). Additionally, DVD deficiency was shown to alter the ratio of 
major dopamine metabolites dihydroxyphenylacetic acid/homovanillic acid (DOPAC/HVA), 
suggesting there is abnormal dopamine turnover in the neonatal forebrain (Kesby et al 
2009). HVA concentrations in urine and plasma have been reported abnormal in ASD 
patients (Kaluzna-Czaplinska et al 2010, Toda et al 2006). Furthermore, Nurr 1 and 
p57Kip2- factors involved in early post-mitotic specification of dopaminergic neurons, were 
reduced as a result of DVD deficiency in the mesencephalon (Cui et al 2010). Overall, 
there is strong evidence to suggest vitamin D plays an important role in the maturation of 
dopaminergic systems. Furthermore, a two-hit model study combining hypovitaminosis D 
and high fat diet found that low vitamin D in conjunction with high fat diet resulted in a 
blunted locomotor response upon acute amphetamine administration, as well as an 
increased consumption of liquid amphetamine compared to non-deficient controls. 
Additionally, calcitriol treatment led to transcriptional changes of DA-related genes in the 
midbrain and their target neurons in the striatum (which express VDR protein) of naïve 
mice, enhanced amphetamine-induced DA release and increased locomotor activity after 
acute amphetamine treatment, thereby providing further evidence that vitamin D3 
signalling is capable of modulating DA circuits (Trinko 2013). 
With regards to PEE, previous literature has shown alterations in neurobehavioural 
functions such as attention shifting, movement and spatial working memory (Herrero et al., 
2002), which are regulated by striatal circuits. Furthermore, studies in rhesus monkeys 
have shown disrupted DA-dependent functions including orientation, motor maturity and 
state control neonatal scores in monkeys prenatally exposed to moderate alcohol during 
early gestation (Schneider et al 2005). Additionally, moderate PEE resulted in long-term 
increases in prefrontal dopamine Drd1 binding in male monkeys (Converse et al 2014), 
and altered D2R levels in a time-dependent manner, where PEE animals exposed during 
early gestation showed a reduction in DA D2R binding, while those exposed during mid to 
late gestation showed the opposite effect, reiterating the significance of timing of exposure 
in alcohol’s long-term effects (Schneider et al 2005). In rats, studies have shown that PEE 
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results in a reduction in dopaminergic neuron activity in the ventral tegmental area (VTA), 
correlated with hyperactivity and impulsivity (Muñoz-Villegas et al 2017). Another study 
looking at the effects of PEE on the interaction of the HPA and dopamine systems, which 
are known to have overlapping neurocircuitries, found that PEE alters both HPA and DA 
activity and regulation, resulting in increased HPA tone and an overall reduction in tonic 
DA activity in a sexually dimorphic pattern (Uban et al 2013).  
With regards to effects of Sex, tyrosine hydroxylase (TH), which is the rate-limiting enzyme 
for dopamine synthesis, was overexpressed in female mice. Previous studies in drosophila 
have shown that TH levels were altered in response to stress, dependent on sex, age and 
reproductive status of the population (Neckameyer et al 2005), and dopaminergic 
signalling in response to stress analysis showed that pre- and postsynaptic neurons are 
recruited into the dopaminergic stress response circuitry in a sexually dimorphic pattern 
(Argue et al 2013).   DVD studies in rodents have shown a sexually dimorphic effect in the 
number and location of dopamine neurons, and males have lower levels of TH compared 
to females (Hawes et al 2015), which in turn is regulated by oestrogen in the mouse 
midbrain. Male and female brains appear to have a different susceptibility to DVD 
deficiency in early development, and these findings warrant further scrutiny in future 
studies.  
 
6.4.4 Conclusion 
 
In conclusion, the results from this study suggest that vitamin D deficiency during 
pregnancy did not exacerbate the effects of short-term, low-dose ethanol exposure. 
Further, PEE alone induced more prominent effects on behaviour and gene expression, 
where males appear to be more vulnerable than females, showing disrupted 
communication and sociability, as well as dysregulated expression of the DA-related gene, 
Darpp-32. In terms of the DVD-PEE group, it is possible that the transient depletion of 
vitamin D throughout gestation altered the regulation of signalling pathways involved in the 
behaviours assessed in this experiment, however, an overcompensation may have been 
triggered by the reintroduction of vitamin D at birth, resulting in a more “normalized” 
behavioural phenotype.  
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Chapter 7. General Discussion. 
 
7.1 Introduction 
 
In this thesis, I have shown that the effects of DVD deficiency in conjunction with PEE 
have a temporal pattern, whereby gene expression at birth was further dysregulated in 
DVD-PEE pups compared to DVD or PEE alone. This is shown graphically as a 
speculative trajectory to summarise the main findings of each of the 4 groups used in this 
thesis (Fig. 7.1). However, these alterations appeared to be transient because analysis did 
not correlate with mRNA findings (Chapter 4). Additionally, the regulation of specific 
candidates of interest was not dysregulated in the combination group (Chapter 5). 
Furthermore, the synergistic effects of these exposures seemed to dissipate with 
increasing offspring age.  
 
 
 
Figure 7.1 Speculative trajectory of the effects of DVD deficiency and PEE in the offspring. 
Schematic interpretation of the temporal effects of DVD deficiency (blue), PEE (orange) and DVD-
PEE (green) compared to controls, Std-H2O (grey) across the offspring’s lifespan. DVD deficiency 
resulted in the dysregulation of several genes and subtle neuroanatomical changes at birth, 
upregulation of DA receptor expression at P21, and no behavioural alterations during 
prepubescence or adulthood. PEE induced subtle changes in gene expression and did not affect 
gross neuroanatomy at birth. Male PEE mice showed altered juvenile behaviour; however, these 
effects dissipated with age, because more subtle changes were identified during adulthood. The 
two-hit group (DVD-PEE) showed significant changes in gene expression at birth, however, 
alterations were not persistent in later postnatal stages, given that there were no alterations in 
juvenile or adult behaviours and gene expression.  
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The overarching hypothesis of this thesis, stating that combining DVD deficiency and PEE 
would exacerbate the effects of a single exposure in the offspring was initially supported 
by gene expression changes identified in a broad RNA sequencing screen in neonates 
(Chapter 4). However, these effects were not persistent in later postnatal time points, 
during which no additive effects of DVD-PEE were found in juvenile or adult behaviour and 
candidate gene expression. DVD deficiency altered gene expression (Chapter 4) and 
hippocampal volume of neonatal mice; in prepubescent DVD-deficient mice, there was a 
subtle alteration in the expression of a DA-related candidate, yet juvenile (Chapter 5) and 
adult behaviours (Chapter 6) were not affected. Male PEE subjects were found to be the 
most vulnerable group, showing alterations in gene expression and behaviour at several 
time points, including P0, P7, P21 and P70. Transcription factors FoxP2 and Darpp-32 
were dysregulated in PEE samples at P0 (Chapter 4); Darpp-32 expression continued to 
be altered in juvenile samples (P21) of PEE male offspring (Chapter 5) and Vglut2 
expression was dysregulated in hippocampal samples of adult (P80) PEE offspring 
(Chapter 2). In terms of behaviour, male PEE pups showed disruptions in communication 
(P7), locomotion and sociability (P21) (Chapter 5); locomotion continued to be altered in 
adulthood (P70), however, learning and memory, as well as MK-801-induced 
hyperlocomotion were not affected (Chapter 6). These data suggest that the combination 
of DVD deficiency and PEE transiently increases the offspring’s vulnerability, while DVD 
deficiency alone produces a subtle phenotype and PEE has a longer-lasting impact at a 
molecular and behavioural level.   
 
7.2 Impact of DVD deficiency and PEE on neonatal outcomes 
 
The duration of vitamin D deficiency has been explored in previous studies, intending to 
identify a ‘critical window’ during which the absence of vitamin D exerts its most potent 
effects. In rats, offspring from dams that were vitamin D deplete until birth had increased 
lateral ventricle volume at birth (Eyles et al 2003), while if the vitamin D deficiency period 
was prolonged until weaning, the ventricle enlargement phenotype persisted into 
adulthood (Féron et al 2005). However, prolonged vitamin D deficiency resulted in 
hypocalcaemia, which confounded the interpretation of postnatal findings. Therefore, in 
this thesis, we used a ‘classic’ DVD deficiency model, in which maternal vitamin D 
deficiency was maintained from conception, through gestation and culminated at birth. 
Experiments examining gene and protein expression, and brain structure were assessed 
in neonates, which allowed for the assessment of the effects of DVD deficiency prior to the 
  
137 
reinstatement of vitamin D in the offspring’s diet, and prevented potential confounds, such 
as compensatory effects driven by the reintroduction of vitamin D.  
 
With regards to PEE, timing of exposure has also been shown to have a significant impact 
on the results observed at gene, protein and behavioural levels. The exposure window 
utilised in this thesis is developmentally equivalent to the first 3 – 4 weeks of a human 
pregnancy (Otis et al 1954), a period of time during which most Australian women have yet 
to confirm their pregnancies (Callinan et al 2012). Central Nervous System (CNS) 
development is characterized by vulnerable periods during which exposure to teratogens 
may result in abnormalities specific to the ontogenic events occurring at the time of 
exposure (Rice et al 2000). Ethanol appears to interfere with all neurodevelopmental 
stages (Guerri 1998). The first trimester in humans (GD1-11 in mice) is considered the first 
critical period of development, during which organogenesis begins and the neural tube and 
crest are formed (Rice et al 2000). Moreover, during the second week of gestation in mice 
(first month in humans), specific areas of the CNS begin to form with neurogenesis and 
migration of cells in the forebrain, midbrain, and hindbrain (Rice et al 2000). Mice exposed 
to acute doses of ethanol during GD 7 or 8 exhibit the craniofacial anomalies associated 
with FAS, forebrain deficiencies including hypoplasia or aplasia of the corpus callosum, 
and deficiency in the hippocampus and the anterior cingulated cortex (Marino et al 2004). 
Previous studies using moderate levels of exposure (the same as that used in this thesis) 
have shown more subtle changes in behaviour (Sanchez Vega et al 2013), brain structure 
(Marjonen et al 2015), craniofacial morphology (Kaminen-Ahola et al 2010a) and 
transcription and epigenetic state in various postnatal tissues (Kaminen-Ahola et al 2010a, 
Marjonen et al 2015, Zhang et al 2015) Another study evaluated the effects of PEE shortly 
after the termination of ethanol exposure (GD9) to assess whether the alterations 
observed at postnatal stages were present from the time of exposure, or if there was a 
latency in their onset. Findings at GD9 did not reveal changes of a large effect size at this 
stage (Yamada 2017), which suggests that there is a delayed onset of PEE-induced 
alterations. 
 
While there are some prior data on DVD deficiency in neonates, the effects of moderate 
PEE, or the combination of exposures, have not been described. An unbiased screen of 
mRNA expression in neonatal brain samples showed that DVD deficiency dysregulated 
transcripts involved in several neurodevelopmental processes, primarily related to 
molecular transport, cell death and survival, which is consistent with previous reports from 
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in-vitro and in-vivo studies (Eyles et al 2009, Ko et al 2004). Meanwhile, few transcriptional 
changes were found as a result of PEE, which is consistent with previous assays during 
embryogenesis (Yamada 2017) and further supports the hypothesis that effects of PEE 
have a delayed onset. Moreover, the current study characterized the gene expression 
pattern of DVD-PEE samples for the first time. Changes in gene expression were found to 
be exacerbated by the combination of exposures, whereby transcripts regulating 
neurodevelopmental processes such ash cell function and maintenance, cell assembly 
and organization, and cell signalling were dysregulated. 
 
A novel finding was that circadian rhythm signalling was the top canonical pathway 
dysregulated by DVD-PEE, whereby specific members of this pathway were significantly 
downregulated, including NR1D1, NR1D2 and PER3. There is limited evidence for 
associations between DVD deficiency or PEE and these markers, however, in-vitro studies 
of calcitriol supplementation have reported that 1α,25-(OH)2D3 administration results in the 
upregulation of two genes that are part of the circadian rhythm pathway (BMAL1 and 
PER2). This suggests that vitamin D may have an important role in the maintenance of 
circadian rhythms at the cellular level (Gutierrez-Monreal et al 2014). Moreover, based on 
the well-established evidence that exposure to ethanol during crucial developmental 
periods may result in cell loss, altered pathway coordination between brain regions and 
disrupted neurotransmitter synthesis, it is reasonable to speculate that ethanol may alter 
the development of the suprachiasmatic nuclei (SCN), known as the ‘internal biological 
clock’, which is responsible for the generation of all circadian rhythms and their 
synchronization (Earnest et al 2001). Although it is unlikely that the damage to the SCN 
was severe enough to completely disrupt circadian rhythmicity, ethanol could potentially 
induce more subtle disturbances that would be important to evaluate in future studies, 
such as light/dark cycle activity assessment.  
 
In addition to evaluating gene expression levels, an unbiased proteomics screen was 
performed in neonatal samples. It was predicted that protein expression of candidates 
dysregulated at mRNA level with the largest fold change would also be altered. However, 
the proteins with the most significant difference in expression did not match the candidates 
found to be disrupted at mRNA level. Also, given that the number of disrupted proteins 
was equivalent across all comparison groups (DVD, PEE, DVD-PEE) and the fold change 
of altered proteins was actually smaller in the combination group than in each of the 
single-hit comparisons, the exacerbated effect of DVD-PEE observed in gene expression 
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did not persist to protein level. Tight junction signalling, responsible for internal cell signal 
transmission to modulate gene expression and cell behaviour (Matter et al 2003), was the 
main canonical pathway found to be disrupted in DVD-PEE samples. While there is no 
previous data on DVD deficiency and tight junction signalling in terms of neural 
development, cancer studies have suggested that vitamin D signalling (via VDR) may 
regulate the level and localization of tight junction proteins in the intestinal epithelium, 
leading to a more secure intestinal barrier (Fleet et al 2012). Additionally, 1α,25(OH)2D3 
(via VDR) has been shown to upregulate the expression of tight junction proteins claudins-
2 and -12 in enterocytes in vitro and in vivo. Since claudins are suggested to facilitate 
paracellular Ca2+ transport, the role of vitamin D on their expression highlights a novel 
mechanism behind vitamin D-dependent Ca2+ homeostasis (Fujita et al 2008b). With 
regards to PEE, a previous study looked at two mouse substrains (C57BL/6J /6N), and 
performed a broad screen of PEE embryos subjected to acute alcohol exposure (GD8). 
They found that tight junction, focal adhesion, and adherens junction pathways were the 
most significantly affected in both substrains, while regulation of the actin cytoskeleton, 
Wnt signalling, and programmed cell death appeared at lower confidence (Green et al 
2007). These findings are consistent with the hypothesis that ethanol's developmental 
effects may be mediated by common signalling pathways linking receptor activation to 
cytoskeletal reorganization (Lindsley et al 2006). 
 
Another aspect of development that was evaluated at birth was neuroanatomy. Ex-vivo 
MRI did not reveal any gross abnormalities in brain morphology of DVD, PEE or DVD-PEE 
subjects. This was not consistent with prior studies, where DVD deficiency has been 
shown to alter ventricular volume (Harms et al 2012a), and PEE to induce craniofacial 
abnormalities (Kaminen-Ahola et al 2010a), as well as hippocampal, ventricular and 
cerebellar volume alterations (Marjonen et al 2015), although not at birth. 
Upon further inspection, histological analyses revealed a subtle enlargement in 
hippocampal volume of DVD samples (total brain volume remained unchanged), which 
had not been previously encountered in neonates but suggested that learning and memory 
may be affected in DVD-deficient offspring, as it had been previously described in adult 
DVD-deficient mice (Fernandes de Abreu et al 2010) (adult behaviour discussed below). 
There is no preliminary evidence on the morphological effects of DVD-PEE, however, it 
was hypothesized that subtle changes such as those previously observed in DVD mice, 
would be exacerbated by the teratogenic effects of ethanol. Nevertheless, animals 
subjected to both exposures did not show neuroanatomical alterations, which suggests 
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that the effects of DVD deficiency and PEE are not synergistic. One possible explanation 
for these findings could lie on the opposing effects of vitamin D and ethanol on apoptosis. 
Cancer studies have shown that vitamin D has a pro-apoptotic role, consequently 
suggesting that the absence of vitamin D results in upregulated cell proliferation (Fleet 
2008). On the other hand, ethanol exposure is known to exert teratogenic effects, which 
includes increased cell loss. For example, a study found that PEE results in elevated 
expression of activated Caspases 8 and 3, and that hippocampal mossy cells are 
particularly sensitive to ethanol-induced neuroapoptosis (Wang et al 2015).  
 
7.3 Impact of DVD deficiency and PEE on early postnatal outcomes 
 
The effects of DVD deficiency and PEE were assessed in terms of behaviours known to be 
vulnerable in neurodevelopmental disorders, including communication, locomotion and 
sociability. It was hypothesized that juvenile DVD-PEE mice would display a more severe 
phenotype in comparison to mice individually exposed to DVD deficiency or PEE. 
However, DVD-PEE mice showed no alterations in any of the behavioural measures that 
were evaluated. The total number of USVs during a maternal potentiation test was used to 
assess communication in young pups (P7). DVD deficiency did not have a significant 
impact on this behaviour. This is consistent with a previous study in DVD-deficient rats, 
which reported no changes in USVs in neonates (Burne et al 2011a). On the other hand, 
PEE male pups emitted a significantly larger number of calls compared to controls, which 
is in agreement with previous rat PEE studies (Marino et al 2002). The precise circuitry 
and neurochemistry that mediates this behaviour is not yet known, although several 
neurotransmitters and neurosteroids have been shown to modulate rodent USVs, 
including dopamine, glutamate, GABA, serotonin norepinephrine and corticosteroids 
(Branchi et al 2001, Carden et al 1991, Farrell et al 2002, Insel et al 1989, Joyce et al 
1999, Kehoe et al 2001, Nazarian et al 1999, Ricceri et al 2007, Winslow et al 1990, 
Zimmerberg et al 2003).  
 
FoxP2 expression was assessed in neonatal and prepubescent mouse brain samples 
exposed to DVD deficiency and PEE. Its expression was not altered in DVD or DVD-PEE 
samples, even though there is evidence to suggest that DVD deficiency can regulate the 
expression of this transcript in BALB/c mouse embryos (Hawes et al 2015). On the other 
hand, PEE resulted in a significant downregulation of FoxP2 at birth. Additionally, males 
from the PEE group showed a significantly increased number of calls during a maternal 
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separation test at P7. However, P0 gene expression findings were not correlated with 
behavioural parameters, and animals underwent further behavioural phenotyping, which 
did not allow for FoxP2 expression assessment at P7. FoxP2 is a highly conserved gene 
across species (humans, non-human primates, rodents) which has been associated with 
speech in numerous studies. It was initially identified in a British family (KE family) with 
specific language impairments, which appeared to be inherited in an autosomal dominant 
fashion (Hurst et al 1990). More recently, mouse pups with heterozygous non-functional 
FoxP2 alleles were shown to have mild developmental delays and produced fewer 
ultrasonic calls (Fujita et al 2008a, Shu et al 2005). It is now known that FoxP2 is not a 
“language” gene but a transcription factor that affects the function of many genes and is 
involved, for instance, in the development of the lungs, heart and other organs (Fisher et al 
2006), and is critical in DA system regulation (Murugan et al 2013). It would be useful for 
future studies to independently replicate the altered number of calls at P7 and immediately 
collect brain tissue for qRT-PCR analysis of FoxP2 expression levels. 
 
Locomotor activity and sociability were assessed in prepubescent mice (P21). These 
behaviours remained unchanged in DVD-deficient animals, while PEE male mice showed 
increased locomotion and blunted sociability. There is no previous evidence on the effects 
of DVD deficiency on juvenile mouse behaviour, however, adult DVD-deficient offspring 
showed strain-dependent hyperactivity (no change in C57BL/6J) and unaffected sociability 
(Harms et al 2008a). In the case of PEE, prepubescent hyperactivity is consistent with 
previous findings (Sanchez Vega et al 2013), however, sociability had not been 
characterized using the PEE model described in this thesis. Therefore, the impairment 
found in this measure is a novel finding, which concurs with reports from studies in rats, 
showing disrupted social behaviours (although using different tasks) in a sexually 
dimorphic manner (Lugo et al 2003, Meyer et al 1986).  
 
Shortly after behavioural testing at P21, the gene expression of candidates known to be 
relevant in neurodevelopmental disorders such as ASD and ADHD, as well as in the 
regulation of neurotransmitter systems such as glutamate and dopamine, was assessed in 
brain samples. The downregulation of FoxP2 found at P0 did not persist into 
prepubescence, which suggests that compensatory mechanisms may have taken place 
between birth and P21 to stabilize its expression levels.  
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FoxP2 is predicted to be a strong target of miR-9 (it has two 7mer-m8 sites in the 
proximate 3’UTR). miRNAs are small, nonprotein-coding RNAs that control 
the expression of target gene networks through silencing (Miranda et al 2010). A study in 
mammalian neural stem cells showed that ethanol exposure can supress several miRNAs, 
one of them miR-9 (Balaraman et al 2012, Sathyan et al 2007). MiR-9 is an evolutionary 
conserved molecule, that is sensitive to ethanol during development (Sathyan et al 2007, 
Tal et al 2012, Wang et al 2009) and in the adulthood (Pietrzykowski et al 2008). These 
findings were also validated in-vivo using a zebrafish model, with data showing ethanol 
exposure during gastrulation results in a significant alteration of miR-9 expression relative 
to control samples, which in turn lead to a significant suppression of miR-9 mRNA targets 
FoxP2 and FGFR-1. Considering that one of miR-9 roles is to regulate FoxP2 expression 
via suppression, these findings suggest that ethanol can specifically supress mRNAs that 
are also targeted by miR-9, and by doing so it uncouples the regulatory function of miR-9. 
FoxP2 is likely controlled by multiple miRNAs, which may compensate for the 
downregulation of miR-9. MiR-132 is a possible candidate that may be implicated in this 
compensatory mechanism, given that it is involved in the prevention of ectopic expression 
of FoxP2 by targeting its 3’UTR. Additionally, a study in zebrafish showed that embryonic 
exposure to 1% ethanol 24h post-fertilization significantly upregulated miR-132 (Soares et 
al 2012). Taking into account that these findings are in a model using different species and 
exposure levels, it would be valuable to test the effects of ethanol exposure on miR-9/132 
expression in the present PEE mouse model, followed by a correlation with FoxP2 
expression.  
 
Darpp-32 was another transcript found to be dysregulated upon PEE as measured at P0 
and P21, which is a key DA signalling regulator. Darpp-32 is expressed in the striatum and 
cortex and is co-expressed with nearly all FoxP2+ neurons (adult tissue, not in 
interneurons), as it was observed in neonatal brain sections (Chapter 5). One of its roles is 
to communicate signals in response to dopamine D1 receptor activation (Fienberg et al 
1998). D1 receptors stimulate the phosphorylation of Darpp-32 on Thr-34 via adenylyl 
cyclase and protein kinase A, thereby converting Darpp-32 to an inhibitor of protein 
phosphatase-1 (PP-1). This decreases endogenous phosphatase activity and enhances 
phosphorylation of one of the major subunits of the NMDA receptor, NR1. This has been 
shown to decrease NMDAR sensitivity to ethanol and promote long-term alterations in 
glutamatergic transmission (Maldve et al 2002). In vitro studies have shown that ethanol is 
capable of mediating Darpp-32 phosphorylation, however, the underlying mechanism is 
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unclear, and the effects of prenatal administration of ethanol on Darpp-32 has not been 
fully described. Regarding functional outcomes, there is some evidence to show Darpp-32 
is involved in pathways that may influence behaviour, such as locomotion. Drd1 activation 
has an excitatory effect, it promotes phosphorylation of Darpp-32 and has a movement 
enhancing effect in terms of behavioural outcomes (Scott et al 2005). In contrast, D2R 
activation has an inhibitory effect over Darpp-32 activity (Stoof et al 1981), thereby 
resulting in decreased locomotion.  
 
TH is the rate-limiting enzyme in DA synthesis (Molinoff et al 1971). Its mRNA expression 
was not altered by DVD deficiency or PEE, but has a significant main effect of sex, 
whereby females exposed to either risk factor (i.e. not controls) showed significantly higher 
levels of TH than males. Even though it requires further validation, the overexpression of 
TH in females could occur as part of compensatory actions that may explain the 
normalized behavioural phenotype observed in DVD and PEE females. A study in 
drosophila showed a sexually dimorphic effect in the stress response, whereby pre- and 
post-synaptic dopaminergic neurons were differentially recruited into the stress response 
circuitry for males and females (Argue et al 2013). Considering TH is the rate-limiting 
enzyme for DA synthesis, it is plausible that its expression in response to prenatal insults 
is disrupted in a sexually dimorphic manner, which may in turn result in differing 
behavioural outcomes in males and females. 
 
Alternatively, it is possible that males are more vulnerable to prenatal insults than females. 
Previous studies have shown that (acute) ethanol treatment resulted in significant changes 
in neurotrophin receptor levels in the hippocampus, septum, cerebral cortex and 
cerebellum and males were more affected than females (Moore et al 2004). Another study 
found an association between PEE and a decreased volume of sexually dimorphic nucleus 
of the preoptic area (SND-POA) of the hypothalamus in male rats, along with a significant 
reduction of neuronal cell size in this area. The size of the SND-POA is known to be 
strongly influenced by circulating androgens and possibly oestrogens during late 
postnatal/early postnatal life, which implies that alterations in the endogenous levels of sex 
steroids could have adverse long-term effects on this region. 
 
Previous studies of PEE and DA signalling have reported that male PEE rats show 
differential responses to Drd1 agonists (Blanchard et al 1987, Hannigan et al 1990, Means 
et al 1984, Ulug et al 1983) and antagonists (Hannigan 1990), which suggests that PEE 
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may preferentially increase the activity of DA receptors in male rats. Increased Drd1 
binding (Converse et al 2014), lower DA concentration and higher DOPAC/DA ratios 
(Boggan et al 1996) was found in males compared to females. Overall, males appear to be 
more vulnerable to the adverse effects on the DA system from prenatal ethanol exposure, 
which is consistent with human clinical studies showing that FASD boys were more likely 
to have the DA-related diagnosis of ADHD than FASD girls (Herman et al., 2008). The flow 
chart below (Fig 7.2) postulates a plausible mechanism underlying the effects of PEE on 
the expression of DA-related candidates, resulting in altered behaviour of male but not 
female offspring. This proposed mechanism integrates evidence discussed in this thesis, 
including dysregulation of FoxP2 and Darpp-32, with candidates that can be 
experimentally examined in future studies, such as epigenetic markers miR-9 and -132.   
 
 
 
Figure 7.2. Postulated FoxP2/Darpp-32 regulation by PEE.  
PEE has been shown to alter the expression of miRNAs -9 and -132, which in turn can 
epigenetically modulate the expression of FoxP2. This transcription factor was downregulated in 
PEE males at birth, along with Darpp-32, which was also upregulated at P21. Darpp-32 is known 
to be co-expressed with FoxP2 in MSNs of the striatum, and to mediate DA signalling via Drd1, 
which can in turn affect DA-related behaviours. Male PEE showed disrupted communication, 
locomotion and sociability, while female behaviour was unaffected. TH expression at P21 was 
upregulated in females but not males, which could be part of compensatory mechanisms that 
account for the normalized behaviour compared to male mice.  
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7.4 Impact of DVD deficiency and PEE on adult outcomes 
 
Behaviour was also evaluated in adult offspring, with tasks focusing on glutamate, 
dopamine and hippocampal-dependent behaviours. Locomotion is a simple but sensitive 
measure, which can be disrupted by dysregulations in various neurotransmitter systems, 
including glutamate and dopamine. Results showed that DVD deficiency did not alter 
activity levels, which is consistent with previous reports on C57BL/6J mice. In the case of 
PEE, hypoactivity was found in males across two separate cohorts, which agrees with 
previous reports, although it contradicts a previous study using the same PEE model, 
during which hyperactivity was encountered in PEE mice (Sanchez Vega et al 2013) 
(possible limitations discussed in Chapter 2). Moreover, there were no significant changes 
in locomotion of DVD-PEE animals, suggesting there is no interaction between Diet and 
Exposure on this measure.  
 
Based on evidence in the literature, which suggests that the hippocampus is particularly 
vulnerable to the effects of prenatal exposures, hippocampal-dependent memory was 
evaluated in adult offspring using the APA task. DVD deficiency did not impact the ability 
of adult offspring to learn the task, nor did PEE or the combination of the factors. Previous 
studies had shown subtle alterations in spatial learning and memory as a result of DVD 
deficiency (Fernandes de Abreu et al 2010) and PEE (Sanchez Vega et al 2013). 
However, these studies used different tasks, and perhaps experimental discrepancies 
such as housing conditions (discussed in Chapter 3), may have interfered with the results 
found in this study. In addition to hippocampal learning and memory, preliminary data 
suggested regulation of glutamatergic signalling may be altered in the hippocampus of 
PEE offspring. Vglut2 mRNA expression was assessed in the adult hippocampus of all 
experimental groups, but only a downregulation in the PEE group was observed. While 
directionally inconsistent with previous studies where epigenetic regulation of this gene 
was disrupted by PEE (Zhang et al 2015), this suggests that glutamatergic signalling is 
vulnerable to the effects of PEE. To test whether the disruption in glutamate transporter 
expression (Vglut2) had a functional outcome on glutamatergic signalling, which could in 
turn explain the locomotion changes observed in PEE males, adult male offspring 
underwent a psychomimetic (MK-801)-induced challenge. During this test, the 
hyperlocomotive response to MK-801 was assessed, and there was no significant effect of 
DVD deficiency, PEE or their combination, compared to controls, which suggests that the 
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changes observed at baseline locomotion are likely being driven by a neurotransmitter 
system other than glutamate, such as GABA (discussed in Chapter 3).  
 
Even though the hippocampus was of primary focus due to preliminary reports on 
behaviour and gene expression changes in this area, perhaps this region is not the most 
vulnerable to the effects of PEE. PEE was shown to disrupt the expression of candidate 
genes such as FoxP2 and Darpp-32, which are involved in DA signalling regulation and 
are highly expressed in the striatum, and are not expressed in the hippocampus (Brene et 
al 1994, Ferland et al 2003). Therefore, it is possible that the effects of PEE during early 
postnatal stages are more prominent on the striatum and not the hippocampus. 
Consequently, dopamine-mediated behaviours regulated by the striatum, such as 
motivation, social and goal-directed behaviours may be impaired and warrant further 
investigation in future studies.  
 
There are a number of possible reasons that may explain the lack of behavioural 
alterations in mice exposed to both DVD deficiency and PEE.  Gene expression and 
behavioural data from this thesis suggest that the effects of DVD deficiency and PEE 
become less apparent as offspring age, possibly as a result of compensatory effects taking 
place after the reintroduction of vitamin D at birth. This suggests that the time around birth 
may be a critical period during which DVD deficiency and PEE increase the offspring’s 
vulnerability, however, additional postnatal stress factor(s) may be necessary to induce 
potent, long-lasting effects at a molecular and behavioural level. There is epidemiological 
data to support this hypothesis. A study examining the effects of prenatal stress found that 
maternal experience of multiple stressful events during pregnancy was significantly 
associated with a greater incidence of mental health morbidity in children between 2 and 
14 years compared to children whose mothers did not report stress during pregnancy 
(Robinson et al 2011).  
 
On the other hand, it is possible that the duration of DVD deficiency and the dosage of 
ethanol during this particular window of development (GD0-8) do not have an interactive 
effect on postnatal behaviours, however, it is also plausible that should other phenotypes 
be assayed, an exacerbated phenotype may be observed in the two-hit exposure group. 
Further work is required to characterise other phenotypes (i.e. measures of depressive-like 
or anxiety-like behaviours) to more comprehensively assess the presence of lack thereof 
of interaction in this model.  
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7.5 Limitations and future directions 
 
The evidence discussed in this thesis provided novel information regarding the effects of 
DVD deficiency, PEE and their combination, from which several experiments can be 
designed to further investigate the consequences of these exposures. RNA sequencing 
screening revealed that the combination of DVD-PEE resulted in the dysregulation of 
several genes involved in various cellular processes that can alter neurodevelopmental 
trajectories. These were preliminary results that served to confirm the biological plausibility 
of the effects of DVD deficiency and PEE on transcriptional regulation of 
neurodevelopmental processes. Therefore, the gene expression assessment of top 
candidates via qRT-PCR is the next logical step to validate the RNA-Seq findings.  
 
In terms of DA-signalling regulation, it would be useful to evaluate the epigenetic 
regulation of dysregulated candidate genes, FoxP2 and Darpp-32, to test whether 
speculated miRNAs (-9 and -132) are indeed affected by PEE and take part in the 
aberrant expression of FoxP2. Considering FoxP2 and Darpp-32 are primarily expressed 
in MSNs of the striatum, the expression of these candidates should be evaluated in a cell-
targeted manner rather than in whole cerebrum tissue, followed by quantification of 
corresponding protein expression in striatal sections. Furthermore, based on evidence 
suggesting that FoxP2/Darpp-32 are involved in DA signalling, future behavioural 
assessments could focus on DA-mediated behaviours, including locomotion, sociability 
and reward-seeking, at both juvenile and adult stages, aiming to correlate results with 
gene expression levels. Additionally, sex hormone expression and HPA axis regulation 
would be valuable to examine and correlate to behavioural findings, which could account 
for the sexually dimorphic effects of PEE reported in this thesis, identifying that males are 
more vulnerable to PEE than females. 
 
Another direction for future studies could be to modify experimental conditions to address 
the postnatal neutralisation of DVD-PEE effects in the offspring. One option could include 
adding a postnatal stress factor, such as post-weaning isolation or social stress, followed 
by an assessment of ASD-related behaviours in juvenile and adult mice. Since DVD-PEE 
dysregulated the expression of several genes at birth, it can be speculated that the 
combination of factors transiently increased the offspring’s vulnerability to stressors, and 
the addition of a postnatal risk factor may exacerbate these effects, resulting in a more 
severe behavioural phenotype relevant to neurodevelopmental disorders. Another option 
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would be to prolong the vitamin D deficiency period until weaning to investigate whether 
the delayed reintroduction of vitamin D (compared to the ‘classic’ model used in this 
thesis) results in more prominent changes in terms of behaviour and gene expression. 
Dietary calcium supplementation should be considered to prevent confounds in 
behavioural outcomes driven by hypocalcaemia.  
 
7.6 Conclusions 
 
The research presented in this thesis demonstrates that, for the first time, a two-hit model 
of two plausible environmental risk factors, DVD deficiency and PEE, was established in 
mice. The results showed that the combined effect of these exposures has a transient 
impact on brain function, affecting the regulation of several genes involved in cell 
signalling, migration and death, and then dissipating throughout postnatal stages. DVD 
deficiency alone resulted in subtle molecular and neuroanatomical alterations in neonates, 
which were in line with findings previously reported in the literature regarding the role of 
vitamin D in cell proliferation, adhesion and apoptosis. PEE was associated with specific 
changes in gene expression and behaviour, where males appeared to be more vulnerable 
than females. These data suggest that even short-term, moderate exposure to ethanol can 
have a long-lasting impact on DA signalling and related behaviours, and lend further 
support to clinical studies associating PEE and neurodevelopmental disorders such as 
ASD and ADHD. Overall, the DVD-PEE mouse model provided valuable information 
regarding the timing and interaction of these two risk factors, highlighting that crucial 
cellular processes are vulnerable to subtle exposures and suggesting that their 
combination may increase the risk for neurodevelopmental disorders in the offspring, and 
for that reason, optimal vitamin D levels and abstinence form alcohol during pregnancy are 
recommended. 
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Appendices  
 
Appendix 1. List of primers 
List of oligonucleotides used in this thesis. Primers were obtained from previous literature, 
or pre-designed and purchased from Sigma Aldrich, Australia. 
 
Primer name Forward Sequence Reverse Sequence 
Aadc CCTTGTTGCAGATAGGACCG GAAGCCCTGGAGAGACAA 
Cntnap2 TGGGGAAGACCAGAGATGAG TCTGAGAGCAGGCTACAGGG 
D2R CTGGAAGCCTCAAGCAGC ATTCAGTGGATCCATCAGGG 
Darpp-32 AACGCCGAGTTCTGGGGATA CGGCCAATGAGCATCGAGAA 
Disc1 CACAGTGTTTGCCTTCATGC CAGAAGGCTAGGCATCCTCA 
Drd1 TTTCTGGTGCCCAAGACAGT AGAAGTCCCTCTCCACCACC 
FoxP2 TTGGCTGCTTAAAGTGCTCAT GGACTCCACTCCAAGGTTGA 
Grin3b ATGGTCTCCAGGGGACTAGC GTGCTGAGCGTCCTACGG 
Hprt1 CAGTACAGCCCCAAAATGGT TTGCGCTCATCTTAGGCTTT 
Itga3 TGAGGGGACACAGGTACACA AGACTGAGCGACAACAGCG 
Itgb1 CAATCCAATCCAGGAAACCA ACACCGACCCGAGACCCT 
Itgb3 GGCGTTGTTGTTGGAGAGTC GCCTCACTGACTGGGAACTC  
Maoa GGGGGCTGTCATCAAGTGCAT TGGCAGGCATTGACCCATCTG 
Mef2c GGATGAGCGTAACAGACAGGT ATCAGTGCAATCTCACAGTCG 
Reln GAGAGCTGACCACCACATGC GCTCACATTGGAAGGGGCTC 
Tbr1 GGTCAAGCGGTCCATGTC CTGTCACCGCCTACCAGAAC 
Th CGCCGTCCAATGAACCTT CACTATGCCCACCCCCAG 
Vglut1 TGTTCCTCATAGCCTCCC       GTCCTCCATTTCACTTTCGT            
Vglut2  CCCTGGAGGTGCCTGAGAA     GCGGTGGATAGTGCTGTTGTT 
Vglut3 CACATCCTTGCCTGTCTAT      GACCCACCTTACTTATTGC    
Vmat2 ACGTGCAAGTTGGTCTGTTG CGCAAATATGGGAATTGGAT 
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Appendix 2. Group x Sex interactions in novelty-induced locomotion 
There were no significant interactions of Group x Sex in adult novelty-induced locomotion. 
  
Locomotion P70 F Sig. (p) 
Sex 1.42 0.24 
Sex x Diet 0.45 0.50 
Sex x Exposure 0.36 0.55 
Strain x Sex x Diet 1.44 0.23 
Strain x Sex x Exposure 0.47 0.50 
Sex x Diet x Exposure 0.17 0.68 
Strain x Sex x Diet x Exposure 3.27 0.07 
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Appendix 3. Group x Sex interactions in adult hippocampal gene expression 
There were no significant interactions of Group x Sex in Vglut1-3 adult hippocampal 
expression.  
 
P70 qPCR F Sig. (p) 
Sex   
VGLUT1 2.08 0.15 
VGLUT2 0.61 0.44 
VGLUT3 1.66 0.20 
Strain x Sex   
VGLUT1 0.28 0.60 
VGLUT2 1.67 0.20 
VGLUT3 0.81 0.37 
Diet x Sex   
VGLUT1 0.74 0.39 
VGLUT2 0.37 0.54 
VGLUT3 0.03 0.86 
Exposure x Sex   
VGLUT1 0.36 0.55 
VGLUT2 0.09 0.77 
VGLUT3 0.45 0.50 
Strain x Diet x Sex   
VGLUT1 1.64 0.21 
VGLUT2 0.03 0.86 
VGLUT3 0.35 0.55 
Strain x Exposure x Sex   
VGLUT1 0.24 0.62 
VGLUT2 1.45 0.23 
VGLUT3 0.01 0.91 
Diet x Exposure x Sex   
VGLUT1 0.02 0.88 
VGLUT2 0.87 0.35 
VGLUT3 0.31 0.58 
Strain x Diet x Exposure x Sex   
VGLUT1 0.01 0.93 
VGLUT2 0.13 0.72 
VGLUT3 1.41 0.24 
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Appendix 4. Top molecular and cellular functions affected by DVD deficiency and 
PEE on gene expression 
 
Molecular and cellular functions 
Std-H2O v. DVD-H2O 
Name p-value  #Molecules 
Molecular Transport  4.95E-02 - 2.50E-06 17 
Small Molecule Biochemistry  4.95E-02 - 2.50E-06 16 
Amino Acid Metabolism  1.83E-02 - 3.12E-05 5 
Drug Metabolism  2.06E-02 - 3.09E-04 7 
Cell Death and Survival  4.96E-02 - 1.33E-03 10 
   
Std-H2O v. Std-PEE 
Amino Acid Metabolism  1.33E-02 - 9.41E-04 1 
Molecular Transport  1.33E-02 - 9.41E-04 2 
Small Molecule Biochemistry  1.33E-02 - 9.41E-04 3 
Cell-To-Cell Signalling and Interaction  3.60E-02 - 1.88E-03 1 
Cell Death and Survival  6.81E-03 - 2.12E-03 1 
   
Std-H2O v. DVD-PEE 
Cell Signalling  1.39E-02 - 6.43E-05 3 
Nucleic Acid Metabolism  2.31E-02 - 6.43E-05 4 
Small Molecule Biochemistry  3.22E-02 - 6.43E-05 15 
Cellular Assembly and Organization  2.76E-02 - 4.84E-04 23 
Cellular Function and Maintenance  3.22E-02 - 4.87E-04 21 
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Appendix 5. Top transcripts up and downregulated by DVD deficiency and PEE 
 
Top Analysis-Ready Molecules 
Log Ratio up-regulated  Log Ratio down-regulated 
Molecules Expr. Value  Molecules Expr. Value 
Std-H2O v. DVD-H2O 
KCNQ5 0.355  PTGDS -0.335 
NECAB1 0.334  CRABP2 -0.332 
HEY2 0.333  CDH1 -0.281 
HYDIN 0.325  PPP1R13L -0.276 
WDR78  0.323  CD3EAP -0.274 
Slco1a4 0.321  Actn3 -0.271 
P2RY12 0.321  ALDOB -0.26 
CRYM 0.315  MAGEL2 -0.254 
PVT1 0.311  ADAT3 -0.253 
THRB 0.309  SHPK -0.252 
     
Std-H2O v. Std-PEE 
C4A/C4B* 0.497  FGFBP3 -0.292 
Ubb 0.454  RPL23 -0.211 
Gm6682 0.412     
CRYM 0.312     
     
Std-H2O v. DVD-PEE 
NR1D1 0.436  F13A1 -0.518 
PER3 0.404  Pisd-ps1 -0.469 
NR1D2 0.376  Pisd-ps2 -0.465 
ARSG 0.352  Tubb2a-ps2 -0.436 
SCUBE2 0.336  Gm6654 -0.431 
NEUROD1 0.325  DENND1C -0.425 
THBS2 0.32  OSR1 -0.419 
RNPC3 0.315  LAMC3 -0.4 
Rps15a-ps4 0.315  COL6A3 -0.392 
Gm14057 0.311  C16orf89 -0.382 
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Appendix 6. Top molecular and cellular functions altered by DVD deficiency and 
PEE on protein expression 
 
Molecular and cellular functions 
Std-H2O v. DVD-H2O 
Name p-value  #Molecules 
RNA Post-Transcriptional Modification 2.01E-02 - 1.02E-05 9 
Cell Death and Survival 3.41E-02 - 1.22E-04 21 
Protein Synthesis 3.13E-02 - 2.67E-04 17 
Cellular Function and Maintenance 3.39E-02 - 4.44E-04 17 
Molecular Transport 3.12E-02 - 6.65E-04 15 
   
Std-H2O v. Std-PEE 
Cell Morphology 1.94E-02 - 1.42E-06 15 
Cellular Assembly and Organization 1.94E-02 - 1.42E-06 18 
Cellular Development 1.73E-02 - 1.42E-06 10 
Cellular Function and Maintenance 2.16E-02 - 1.42E-06 16 
Cellular Growth and Proliferation 1.73E-02 - 1.42E-06 10 
   
Std-H2O v. DVD-PEE 
RNA Post-Transcriptional Modification 1.83E-02 - 5.32E-05 8 
Carbohydrate Metabolism 3.63E-02 - 2.17E-04 9 
Protein Synthesis 4.34E-02 - 5.35E-04 13 
Cell Morphology 4.87E-02 - 7.39E-04 13 
Cell Death and Survival 4.87E-02 - 9.71E-04 10 
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Appendix 7. Top proteins up and downregulated by DVD deficiency and PEE 
 
Top Analysis-Ready Molecules 
Log Ratio up-regulated  Log Ratio down-regulated 
Molecules Expr. Value  Molecules Expr. Value 
Std-H2O v. DVD-H2O 
ETFA 4.355  GNA11 -2.139 
COTL1 3.234  RPL7 -1.221 
NUDT21 2.887  SKP1 -1.221 
VAPA 1.765  TNIK -1.199 
NUP85 1.443  VPS35 -1.025 
CORO1C 1.307  ATP1B1 -0.99 
LARP1 1.231  OSGEP -0.954 
DGKE 1.078  UFM1 -0.95 
MTPN 1.076  FSD1 -0.937 
CMAS 1.063  UBFD1 -0.86 
     
Std-H2O v. Std-PEE 
NUDT21 1.978  GPC2 -2.374 
SCAMP1 1.813  MARS -1.968 
DEK 1.547  SKP1 -1.598 
Gm9755 1.161  DNM3 -1.055 
SURF4 1.048  FAF1 -1.029 
LRRC40 1.038  SRCIN1 -0.897 
COTL1 1.03  TRA2A -0.797 
COPS4 1.014  FSD1 -0.734 
SMU1 1.014  CDC23 -0.596 
ACO1 0.849  APOE -0.584 
     
Std-H2O v. DVD-PEE 
LARP1 2.586  PSMD13 -1.944 
COTL1 2.085  PSMA5 -1.391 
FLNA 1.88  ETFA -1.353 
SURF4 1.506  RPL7 -1.058 
LRRC40 1.404  SRGAP3 -0.985 
SLC25A46 1.173  FKBP3 -0.943 
NUDT21 1.166  Ndufs5 -0.886 
SEPT7 0.92  UFM1 -0.748 
ADD1 0.869  RPS6 -0.707 
ACO1 0.845  IGSF5 -0.693 
 
 
 
 
